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ABSTRACT
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papers given by session speakers and 10 papers presenting posters exhibited at the Symposium. The
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Evacuation, Fixed Firefighting Systems, Passive Fire Protection, Fire Safety Engineering, Emergency
Management, Ventilation, and Fire Dynamics.
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Austria, Jaap Weerheijm, TNO, The Netherlands, and Daniel Nilsson, Lund University, Sweden.
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PREFACE
These proceedings include papers presented at the 6th International Symposium on Tunnel Safety and
Security (ISTSS) held in Marseille, France, 12-14th in March 2014. The success of the International
Symposium on Tunnel Safety and Security is a tribute to the pressing need for continued international
research and dialogue on these issues, in particular connected to complex infrastructure such as
tunnels and tunnel networks. These proceedings provide an overview of emerging research and
regulatory actions coupled to state-of-the-art knowledge in the field of safety and security in
undergrounds structures.
We are very proud to have been able to establish this symposium which regularly attracts over 250
delegates from all parts of the world. This symposium represents an arena for researchers to discuss
safety and security issues associated with complex underground transportation systems. The
Symposium is unique in the sense that it is the only conference that combines safety and security
issues and introduces separate security sessions focussed on underground facilities and their specific
needs. The need for expertise in this field, is increasing and we feel confident that ISTSS will provide
a leading forum for information exchange between researchers and engineers, regulators and the fire
services and other stakeholders in the future.
In particular, we see that active fire protection has become a major field of interest. Further, risk and
engineering analysis continues to be an area that attract many papers. Numerous renowned
researchers and engineers have contributed to these and other topics at this symposium for which we
are very thankful. Fire related issues still attract many presentations but the focus has shifted towards
technical solutions that can mitigate the fire development should a fire occur. The enormous costs for
underground structures forces engineers to design alternative solutions. The sessions that have
greatest focus on mitigation of fire development include those dealing with the effects of ventilation
systems, active and passive fire protection, fire fighting and human behaviour.
We received nearly 100 extended abstracts in response to our Call for Papers (not including our five
invited Keynote Speakers) and believe that the quality of the accepted papers is a testament to the
calibre of research that is on-going around the world. Unfortunately, we were only able to accept 59
papers for presentations but have a strong poster session with 10 papers to canvas other interesting
emerging research and an exhibit to allow producers to present their particular solutions. The selection
process was carried out by a Scientific Committee, established for this symposium, consisting of
many of the most well-known researchers in this field (a list can be found on the Symposium
website). We are grateful for their contribution to make this symposium as the leading one on fire and
safety science in tunnels.
Finally, we would like to thank our Event Partners CSTB and CETU in France for their co-operation
and help.
Haukur Ingason

Anders Lönnermark
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Fixed Water-Based Fire-Fighting Systems for Road
Tunnels: Performance Objectives and the Features of a
Standardized Fire Test Protocol
Magnus Arvidson
SP Technical Research Institute of Sweden, Borås, Sweden

ABSTRACT
Fixed water-based fire-fighting systems are presently an established, mature technology for mitigating
the consequences of fires in road tunnels. This paper discusses the qualitative performance objectives
established for fixed fire-fighting systems in general as compared to the qualitative performance
objectives established by NFPA 502 specifically for fixed water-based fire-fighting systems for road
tunnels.
The definitions for fixed water-based fire-fighting systems for road tunnels include four different
system categories and corresponding qualitative performance objectives. These objectives are not
identical with the objectives for other types of fixed fire-fighting systems. Although this may be
necessary due to the conditions, fire hazards and specific types of systems used in road tunnels; the
fact that they are dissimilar leads to confusion. These definitions may need to be revised to improve
how they are interpreted. Principally, it could be argued that any system design could meet the
NFPA 502 performance objectives. This suggests that the qualitative performance objectives should
be translated to concrete, quantitative numbers.
It is proposed that a standardized fire test protocol should be developed. Such a document should
include the minimum requirements to be placed on a fixed water-based fire-fighting system for road
tunnels. This paper discusses some of the issues that need to be addressed. First of all, the fire test
sources needs to be representative and realistic. Additionally, the fire test sources should be designed
to generate repeatable results in terms of fire growth rate and peak heat release rates. Research has
shown that the longitudinal ventilation flow rates of a tunnel could have a major impact on the
severity of a fire. It is therefore suggested that the tests be conducted over a range of ventilation
conditions. The size of the fire upon system activation is also important for the performance of the
tested system and needs to be varied. Finally, appropriate measurement equipment and position of
measurement equipment is necessary to generate useful data for the evaluation of the performance.
KEYWORD: road tunnels, sprinklers, fire-fighting systems, performance objectives, fire
suppression, fire control, exposure protection.
A PERSONAL INTRODUCTION
In 1993 and 1994 the author participated in a project of designing a fixed fire-fighting system for the
roadway tunnels of the Södra Länken (‘Southern Link’) road system in Stockholm, although the
installation was never realized. Södra Länken is a road system in Stockholm’s southern suburbs. The
road system is about 6 kilometers of which 4.5 kilometers are in tunnels. In total, including parallel
tunnel tubes and the ramp tunnels, the tunnel length is 17 km. The road system includes interchanges,
both below and above ground. The traffic is lead in separate, parallel tunnel tubes which make it
possibly to evacuate to the adjacent tunnel in the event of an accident or a fire. Tunnel safety is
monitored by a permanently manned control centre. The construction work of the road system started
in 1997 and it was opened in 2004 [1].
15
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A deluge type system was chosen as the basic conceptual system design. The reason for not choosing
a wet pipe or a dry pipe system, which are technically simpler, was the concern that a fast growing
fire, such as a petroleum tanker spill, could cause multiple sprinklers to operate and thereby overtax
the capacity of the water supply. The system concept consisted of open horizontal sidewall sprinklers
proposed to be positioned either at the opposite sides of the tunnel tube and directed towards the
centerline of the tunnel or along the centerline and directed towards the tunnel walls. The concept
using horizontal sidewall sprinklers was applicable for the majority of the tunnel system (arched
tunnels up to three lanes). For wider tunnel parts, pendent sprinklers or water spray nozzles were
suggested. Figure 1 shows a part of the tunnel system, a three-lane main tunnel with an exit through a
ramp tunnel.

Figure 1

A photo illustrating one part of the tunnels of the Södra Länken (‘Southern Link’) road
system in Stockholm.

It was suggested that the system should be divided into zones having a length of 33.3 m for tunnels
having two, three or four lanes and into 50 m zones for the parts of the tunnel system having just one
lane. These distances correlated with the distances between the emergency exits, i.e. 100 m in main
tunnels and between 100 m to 150 m in ramp tunnels. Pump capacity for the simultaneous activation
of two zones was recommended. Activation of the system was suggested to be manual with a function
for automatic activation (after a certain time delay) if a fire alarm was ignored or overlooked by the
staff of the control centre.
A key question in the work was the water discharge density needed to control, suppress or extinguish
the expected fire scenarios. The potential fire scenarios in the tunnel system were analyzed and four
scenarios were studies in detail, i.e.: multiple car fires, a fire in a bus, fire in a freight truck and a fire
scenario involving a spill from a petroleum tanker. A comprehensive literature survey was undertaken
looking for relevant fire tests and other experience or design requirements. Eventually, it was
concluded that a system discharging 6.5 mm/min (equal to (liter/min) per square meter) using an
alcohol resistant film forming foam additive would be required to control, suppress or extinguish the
majority of all fires. This foam-water discharge density is similar to the density used in the Seattle
I-90 and I-5 tunnels [2] and in line with the recommendations given in NFPA 16 [3]. Based on the
expected duration of the fires, a water supply lasting for at least 120 minutes and a quantity of foam
concentrate for at least 45 minutes was considered necessary.
16

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Despite the efforts to design a simplistic, but still reliable, efficient and inexpensive (in relative terms)
fixed water-based fire-fighting system, the decision was made not to install a system in the road
tunnels. This decision is regrettable. At certain times during peak hours the traffic capacity of the
tunnel is exceeded leading to traffic queues. This leads several times a year to the tunnel accesses
temporarily being shut down. For security reasons stationary traffic is not allowed in the tunnel
systems.
In 2008 and 2009 the author led a project (IMPRO) aimed at developing a technical basis for
replacing the design and installation guidelines of Resolution A.123 (V), see references [4,5]. These
guidelines contain detailed requirements for the design and installation of water spray systems for
vehicle and ro-ro cargo spaces on ships and was published in 1967 [6]. In recent years, questions has
been raised as to whether a water spray system in accordance with these guidelines is able to control
or suppress a fire on the ro-ro deck of a modern ship with modern cargo.
Several large-scale fire suppression tests were conducted, intending to simulate a fire in the trailer of a
heavy goods freight truck on a ro-ro deck, using a traditional water spray system and modern highpressure water mist system. A mock-up was constructed to geometrically replicate part of a typical
cargo trailer of a freight truck. Tests were conducted both with and without a roof over the trailer
model, see Figure 2.

Figure 2

The fire size of approximately 5 MW at the manual activation of the system for the tests
without (left hand side photo) and with the roof on the trailer mock-up.

The test results showed that there is a clear relationship between the level of performance and the
water application rate for the fires that were fully exposed to the water spray. A discharge density of
15 mm/min provided immediate fire suppression, 10 mm/min fire suppression, and 5 mm/min fire
control. The latter design density is stipulated for systems in accordance with Resolution A.123 (V).
Figure 3 shows the measured total heat release rates as a function of the system discharge densities.
The tested high-pressure water mist system provided fire control at a discharge density of
5.8 mm/min, but not to the level that was achieved with the water spray system at 5 mm/min. Tests at
3.75 mm/min and 4.6 mm/min, respectively, provided no fire control and had to be terminated.
From these results it is clear that in order to successfully suppress a fire in ordinary combustibles, the
droplets must be capable of penetrating the fire plume to reach the burning fuel surface. In other
words, the total downward momentum of the water spray needs to overcome the upward momentum
of the fire plume. Penetration of droplets may also be reduced by the evaporative loss of the smallest
droplets as they pass through the fire plume. Although this will tend to cool the flame gases, it will
contribute little to the control of a fast-growing fire [7].
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For the scenarios where the fire was shielded from direct water application, the tested systems had a
limited effect on the total heat release rate and the associated total energy, as almost all combustible
material was consumed in the tests. The high-pressure water mist system provided an improved
reduction of the convective heat release rate and the associated convective energy as compared to the
water spray system of the shielded fire. However, no improved reduction of the total heat release rate
and the associated total energy was documented, i.e., the ability to reduce the actual heat release rate
was not enhanced.
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Total heat release rate histories for the fire tests without the roof on the trailer mock-up
(to the left) and with the roof on the trailer mock-up. Note: Leakage of the roof over the
trailer occurred in the first test at 15 mm/min, hence the improved performance.

A correspondence group discussed revision of IMO Resolution A.123(V), starting from the results
from the IMPRO project, and a proposal was sent to the IMO fire protection sub-committee, IMO
FP55, in July 2011. The sub-committee drew up a document which was in due course approved at the
meeting of the Maritime Safety Committee in 2012 and published as MSC.1/Circ. 1430 in May
2012. It contains recommendations for entirely replacing IMO Resolution A.123(V). However,
systems that were installed in accordance with the earlier rules will be permitted to remain, as long as
they are in full working order. As opposed to IMO Resolution A.123(V), MSC.1/Circ. 1430 permits
automatic wet-pipe systems, dry-pipe systems and pre-action systems. In addition, deluge systems are
still permitted. The recommendations in MSC.1/Circ. 1430 are a huge step towards improved fire
safety on ro-ro decks on ships. However, several member countries in IMO have expressed fears that
alternative sprinkler systems, such as water mist systems, can be fire-tested by a method that
indirectly applies considerably less demanding requirements on system efficacy than do the detailed
requirements given in MSC.1/Circ. 1430. In the longer term, it may be necessary to update the
requirements in this documentation as well.
ESTABLISHED DEFINITIONS FIRE SUPPRESSION, FIRE CONTROL AND EXPOSURE
PROTECTION
It is common to describe the performance of a fixed fire fire-fighting system in terms of Fire
extinguishment, Fire suppression and/or Fire control. The document NFPA Glossary of Terms [8]
contains all definitions used in NFPA standards. This document was used to provide commonly
recognized definitions of these performance objectives. Fire extinguishment is not further discussed
here, but this objective is relevant for many fire fire-fighting systems, including clean agent fire
extinguishing systems and aerosol fire extinguishing.
Fire suppression
In the 2013 edition of NFPA 13, Standard for the Installation of Sprinkler Systems, the term Fire
suppression is defined as: “Sharply reducing the heat release rate of a fire and preventing its regrowth
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by means of direct and sufficient application of water through the fire plume to the burning fuel
surface”. This definition is directly related to the fire suppression mechanisms and typical
ceiling-level installation position of automatic sprinklers. To achieve fire suppression, water must be
delivered by sprinklers to the burning fuel surface in sufficient quantity to disrupt the combustion
process, knocking down the heat release rate and preventing fire regrowth. If suppression is achieved
at an early stage in the fire, only sprinklers immediately over the fire area are expected to operate [9].
The ESFR, Early Suppression Fast Response, sprinkler was developed in the 1980s to achieve fire
suppression with ceiling mounted sprinklers [10]. This is accomplished by the fast activation of the
sprinklers and by using high water flow rates. The sprinklers can be used in warehouses for the
protection of high stacked storage. The primary advantage is that the use of in-rack sprinklers in a
rack storage configuration is not required. Storage arrangements may include palletized, solid pile,
shelf, bin box, or rack storage of materials and ESFR sprinkler systems can protect a variety of
commodities from non-combustible to normal combustible products to high hazard commodities such
as plastics.
A fire suppression objective requires a higher design standard and greater control over conditions and
installation parameters. Examples include the slope and design of the roof construction, caution
regarding obstruction to the water spray caused by roof supports, light fixtures and ductwork, the fact
that transversal and longitudinal flues spaces of a rack storage must be maintained, the type of
containers used for the commodity, etc. [11].While ESFR systems can deliver superior
fire protection versus standard sprinkler technology which depends on ‘controlling’ a fire until the fire
department arrives, ESFR systems has installation limitations and requirements are routinely
misunderstood by building owners or their occupants [12].
In the 2010 edition of NFPA 750, Standard on Water Mist Fire Protection Systems, Fire suppression
is defined as: “The sharp reduction of the rate of heat release of a fire and the prevention of
regrowth”. This definition is similar to the definition used in NFPA 13 in that the reduction of the heat
release rate should be prompt. However, this definition indicates that fire suppression may be
achieved by other mechanisms than “…direct and sufficient application of water…”. For a water mist
fire protection system, this could include cooling of the flame by water droplets as well as the dilution
of air by water vapour. As for the definition in NFPA 13, the “…prevention of regrowth...” is an
essential part of the definition.
Fire suppression may also be defined as: “The activities involved in controlling and extinguishing
fires”, as in NFPA 1500 (2013), Standard on Fire Department Occupational Safety and Health
Program and several other NFPA standards and as: “All the work of confining and extinguishing
wildland fires” as in NFPA 1051 (2012), Standard for Wildland Fire Fighter Professional
Qualifications. Both these definitions are related to the activity of controlling and extinguishing a fire
rather than the effect of a fire-fighting system or an extinguishing agent on the actual fire.
Fire control
The term Fire control is defined as: “Limiting the size of a fire by distribution of water so as to
decrease the heat release rate and pre-wet adjacent combustibles, while controlling ceiling gas
temperatures to avoid structural damage” in both the 2013 edition of NFPA 13 and the 2010 edition of
NFPA 750. Fire control by automatic sprinklers anticipates that a certain number of sprinklers will be
opened surrounding the fire area. While the sprinklers immediately over the fire may not be able to
actually extinguish the fire, they will work with other open sprinklers to cool the atmosphere and to
prevent sprinklers outside the general vicinity of the fire from operating. In the meantime, the open
sprinklers outside the immediate area also can be expected to pre-wet adjacent combustibles, helping
to prevent the spread of fire [9].
No other NFPA standard has a definition for fire control; however, the 2012 edition of NFPA 15,
Standard for Water Spray Fixed Systems for Fire Protection, uses the term Control of burning. This
is defined as: “Application of water spray to equipment or areas where a fire can occur to control the
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rate of burning and thereby limit the heat release from a fire until the fuel can be eliminated or
extinguishment effected”. As compared to the definitions of fire control in NFPA 13 and NFPA 750,
the direct application of water is an essential feature to achieve the performance objective.
The concept of fire suppression and fire control may be graphically characterised as in Figure 4,
similar to the graphs in [9]. For the case of fire control, the graph indicates that manual operations
typically are required to ultimately extinguish a fire. For the case of fire suppression, the remaining
fire is likely small, although complete fire extinguishment can never be guaranteed.

Heat Release Rate

Fire suppression vs. fire control

Uncontrolled fire
Activation

Fire control

Fire suppression

Time

Figure 4

Fire suppression and fire control (conceptual) represented by the heat release rate of a
fire versus time.

Automatic sprinklers undergo fire testing and listing or approval by organizations like Underwriters
Laboratories, Inc. and FM Approvals. The fire test protocols, contained in UL 199, Automatic
Sprinklers for Fire-Protection Service and FM 2000, Approval Standard for Automatic Control Mode
Sprinklers for Fire Protection as well as FM 2008, Approval Standard for Early Suppression, Fast
Response Automatic Sprinklers, reflects whether the performance objective is fire control or fire
suppression in terms of structural steel temperatures, fire spread between storage racks, the extent of
fire damage as well as the number of sprinklers allowed to activate. In order to ensure a certain degree
of robustness, some test scenarios with ESFR sprinklers include a situation where a sprinkler above
the point of fire ignition is either rendered inoperative to simulate a plugged sprinkler condition or
includes a bar joist construction along the flue of the main test array in order to simulate an
obstruction to the water spray.
Exposure protection
In the 2012 edition of NFPA 15, Standard for Water Spray Fixed Systems for Fire Protection,
Exposure protection is defined as: “Absorption of heat through application of water spray to
structures or equipment exposed to a fire, to limit surface temperature to a level that will minimize
damage and prevent failure.” The definition reflects direct surface cooling of the protected object or
structure is the primary protection mechanism. Examples of exposure protection with fixed water
spray systems include protection of vessels, structural steel and cable trays from heat of a fire.
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In the 2011 edition of NFPA 1145, Guide for the Use of Class A Foams in Manual Structural Fire
Fighting, Exposure protection is defined as: “Application of an agent to uninvolved areas to limit
absorption of heat to a level that will minimize damage and/or resist ignition.” It is often necessary to
protect surrounding structures to prevent those structures from becoming involved in fire. A blanket
of Class A foam will help in exposure protection as: 1) a blanket of foam is white and tends to reflect
the radiant heat by a fire away from the exposed structure, 2) the foam blanket consists of a mass of
bubbles, which places a physical barrier on the exposed surface and acts as an insulating blanket, and,
3) water draining from the foam blanket soaks into exposed Class A fuel and retards further
combustion [13].
DEFINITIONS AND DESIGN OBJECTIVES BY NFPA 502
The NFPA standard that deals with fire protection in road tunnels is the 2014 edition of NFPA 502,
Standard for Road Tunnels, Bridges, and Other Limited Access Highways. Paragraph 3.3.30 in
NFPA 502 defines a Fixed Water-Based Fire-Fighting System as: “A system permanently attached
to the tunnel that is able to spread a water-based extinguishing agent in all part of the tunnel.”
Examples of fixed water-based fire-fighting system given in NFPA 502 include traditional deluge
systems, water mist fire protection system and foam systems.
Paragraph 3.3.29 in NFPA 502, defines Fire suppression as: “The application of an extinguishing
agent to a fire at a level such that open flaming is arrested; however, a deep-seated fire will require
additional steps to assure total extinguishment.”
The standard recommends that the design objectives of a system is established as “The goal of a fixed
water-based fire-fighting system shall be to slow, stop, or reverse the rate of fire growth or otherwise
mitigate the impact of a fire to improve tenability for tunnel occupants during a fire condition,
enhance the ability of first responders to aid evacuation and engage in manual fire-fighting activates,
and/or protect the major structural elements of a tunnel.”
Fixed water-based fire-fighting systems shall be categorized upon their desired performance objective
and NFPA 502 lists four different system categories:
Fire Suppression System: Fire suppression is the reduction in the heat release rate of a fire by a
sufficient application of water. Fire size shall remain reduced over the design discharge duration.
Fire Control System: Fire control systems shall be designed to stop or significantly slow the growth
of a fire within a reasonable period from system activation such that the peak heat release rate is
significantly less than would be expected without a fixed fire-fighting system.
Volume Cooling System: Volume cooling systems shall be designed to provide substantial cooling of
products of combustion but are not intended to directly affect the heat release rate.
Surface Cooling System: Surface cooling systems shall be designed to provide direct cooling or
critical structure, equipment, or appurtenances without directly affecting the heat release rate.
The performance objectives (fire suppression and fire control) of the first two system categories are to
a certain degree dissimilar to the performance objectives used in other NFPA standards. An essential
part of the fire suppression definitions of NFPA 13 and NFPA 750, respectively, is the wording
“Sharply reducing the heat release rate…” and “The sharp reduction of the rate of heat release…”
With these wordings it should be understood that the heat release rate of a fire is promptly reduced
upon the activation of the system, e.g. without any or little time delay. It may be argued that the
definition for fire suppression in NFPA 502 is a little more relaxed than the definitions used in
NFPA 13 and NFPA 750. However, the explanatory text of Annex A of NFPA 502 explains that the
intent of a fire suppression system is to “…significantly reduce the energy output of the fire shortly
after operation”. With this explanation in mind, the definition comes closer to the definitions of
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NFPA 13 and NFPA 750.
The definition for fire control in NFPA 502 would at a first glance appear to be entirely different from
the definitions in NFPA 13 and NFPA 750. However, a more detailed comparison of the definitions
reveals that the underlying objectives are fairly similar; the heat release rate should be reduced or the
fire growth at least stopped. However, the definition of NFPA 502 lacks the requirement that ceiling
gas temperatures should be controlled in order to avoid structural damage.
The two performance objectives of the latter two system categories (volume cooling and surface
cooling) are not found in any other NFPA standard, although some parallel could be made to exposure
protection systems.
Clearly there is no strict delineation between the four different system categories, but rather a
continuous transition with some overlap between design objectives. This implies that there is a
gradual change between protection systems rather than a step change for each category.
Annex A of NFPA 502 discusses how important it is to explicitly determine the type of performance
the fixed water-based fire-fighting system is expected to provide. It is necessary to decide whether the
system should improve tenability during the evacuation phase, improve tenability for fire fighters
conducting manual fire-fighting activities, increase the effectiveness of the ventilation system, and/or
improve the fire resistance of the tunnel structure.
IS THERE A NEED FOR A STANDARDIZED FIRE TEST PROTOCOL?
Is there a need for standardized fire test protocol and what would such a protocol address? These
questions are the topic of much discussion internationally.
First of all, it should be empathized that every tunnel is unique regarding aspects like location, length,
geometry, design, type of traffic (large vehicles, type of loads, queuing, etc.), unidirectional or
bidirectional flow, distances between the emergency exits, type of ventilation system, the velocities
generated by the ventilation system, the training and resources of the local fire department, etc. There
are several examples of ad hoc fire testing where water-based fire-fighting system concepts have been
specifically developed for road tunnel projects. Two such examples are the development of a water
mist system for the A86 road tunnel in Paris [14] and the M30 road tunnel in Madrid [14,15]. Another
example is the development of a deluge water spray system using horizontal sidewall nozzles for the
road tunnels of Förbifart Stockholm (‘The Stockholm bypass project’) [16]. For all these projects, it is
assumed that the performance objectives of the systems and the application parameters have been
addressed during the fire testing.
As discussed above, the latest edition of NFPA 502 lists four different categories of fixed water-based
fire-fighting systems along with their corresponding performance objectives. This categorization of
systems is on the one hand helpful for a tunnel designer; a key factor is to decide the minimum level
of performance that is acceptable to both tunnel owners, the authority having jurisdiction, the local
fire department and the general public. On the other hand, the objectives are so broad, ranging from
fire suppression to direct (surface cooling of critical structure elements) or indirect (cooling of
products of combustion) exposure protection, that basically any system could be supposed to meet any
of the objectives. This suggests that a standardized fire test protocol is needed to translate the
qualitative performance objectives to concrete, quantitative numbers.
Trade-offs on other fire protection measures, both passive and active, may be possible if a fixed
water-based fire-fighting system is installed. Passive fire protection measures include the use of fire
insulation on critical structural elements from damage due to high temperatures. Active measures may
include the fire ventilation system and the manual fire-fighting resources. However, many engineering
challenges remain to be resolved, such as how much credit to grant to any given system in terms of
reduced requirements for passive protection and how exactly to integrate active protection systems
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with traditional fire safety measures such as the ventilation system [17]. This is where a standardized
fire test protocol containing unified, quantitative performance objectives would be useful.
It is believed that the emphasis on water mist systems, as opposed to traditional deluge systems, is
partly due to the perceived cost savings associated with minimizing the amount of water needed to
achieve an acceptable level of performance. Reduced water flow requirements translate into using
smaller pumps and smaller pipe diameters, and, potentially at least, translate into lower cost than
traditional deluge sprinkler systems [17]. It may also be possible to reduce the drainage requirements.
Another important issue, although probably not possible to cover in a fire test protocol, is related to
the reliability and accessibility of the fixed water-based fire-fighting system.
WHAT SHOULD A STANDARDIZED FIRE TEST PROTOCOL ADDRESS?
Annex E.6 of NFPA 502 discusses the fundamentals of fire test protocols, including the choice of fire
scenarios and measurement (instrumentation) details. The information is, however, fairly brief. The
author suggests that a standardized fire test protocol address at least the following issues:
•
•
•
•
•

Representative and realistic fire test sources.
Representative longitudinal ventilation flow rates.
The heat release rate at system activation.
The performance objective in quantitative terms.
Appropriate measurement equipment and position of measurement equipment.

These issues are discussed in more detail below. A fire test protocol should replicate the application
parameters as closely as possible, but it may be questioned whether it could reflect all different actual
conditions or not? The answer is probable that it could not. Therefore, guidance for the application
and extrapolation of fire test results would be required.
Representative and realistic fire test sources
The fire test source or sources need to represent fires that could be expected to occur in road tunnels
in terms of type (typically Class A, B or combinations of the two), the fire growth rate, the potential
peak heat release rate and the total energy content. Many Class A fire scenarios used for ad hoc fire
testing of water-based fire-fighting system have used a simulated heavy goods vehicle filled with
wood pallets, similar to the generic fire test sources used in the Runehamar tests in 2003. Dependent
on the number of pallets, e.g. the overall width, length and height of the actual test set-up, such a
scenario would have a severity similar to that of the Runehamar tests, i.e. in the range of 67 –
202 MW [18].
Idle wood pallets are considered to be a severe fire load. Figure 5, shows the results from three
Commodity classification tests using idle wooden pallets, at three different water discharge densities,
5.0 mm/min, 7.5 mm/min and 10.0 mm/min, respectively. The application of water was started when
the fire reached 3000 kW using a specific water applicator that provides a uniform application of
water over the entire top of the test array. As expected, a higher water flow rate provides improved
performance.
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The heat release rate histories for tests with idle wooden pallets at three different
nominal water discharge densities, 5.0 mm/min, 7.5 mm/min and 10.0 mm/min.

At 5.0 mm/min, approximately 85% of the combustible material was consumed, at 7.5 mm/min
approximately 65% and at 10.0 mm/min only 15% was consumed. The initial fire growth is
reasonably repeatable [19]. One of the characteristics of wood pallets, and other cellulosic materials,
is that the transition between fire suppression and fire control not is as distinct as for plastics [20]. For
commodities containing plastics, the borderline between fire suppression and fire control may be a
matter of a small difference in water application rate or a marginal difference in water application
time delay. For this reason, idle wood pallets may be suitable for a standardized Class A standard fire
test source.
An essential feature of a fire test source is that it is able to provide repeatable fire test scenarios. One
key to achieving this is the stability of the test set-up. Collapse during the duration of the test could
significantly reduce the severity of the fire. Needless to say for wood, the moisture content has an
influence as well.
The degrees of shielding on direct water application and how this is arranged needs to be re-solved.
The author is in favour of an approach similar to the one used in the ro-ro deck fire tests [4], where
two extremes where used, a fully exposed and a fully (from above) shielded fire load. The roof was
constructed such that it should not break, by means of an integrated water cooling system, during the
entire test duration time.
For flammable liquid (Class B) fire scenarios, the number of alternative fuels used in practice should
be reflected in a standardized fire test protocol. For this scenario, a fully exposed or fully shielded fire
scenario is probably unlikely in practice. Therefore, a scenario that is to a certain degree shielded
should be developed.
An issue that seems to be overseen in many ad hoc tests is the position of the fire test source relative
to the width of the tunnel and the position of the nozzles. In many cases, it seems that the most
favourable position has been chosen. Good testing practice suggest that the most unfavourable
position should be selected with respect to the type of nozzles and its water spray characteristics as
well as it intended installation position.
Representative longitudinal ventilation flow rates
Carvel [21] discusses design fires for testing of fixed water-based fire-fighting system. His paper
concludes that there is an apparent relationship between the fire growth rate of a solid fuel fire in a
tunnel and the tunnel ventilation velocity. It may be that the fastest fire growth rate occurs at
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longitudinal airflows of about 3 m/s. Both higher and lower ventilation rates may result in slower
growing fires. As pointed out in the paper, these observations are made on the basis of only a few
experiments and additional research is necessary.
Li and Ingason [22] have theoretically analysed the relationship between the flame spread and the fire
growth rate with the longitudinal ventilation flow rates. A large amount of data relevant to the fire
growth rate from model and large-scale tunnel fire tests was collected and applied to the analysis. It is
concluded that the thermal inertia, heat of combustion, the wet perimeter (i.e. the contact perimeter
between fuel and gas in a cross-section), and the mass burning rate per unit area of the fuel play
important roles in the fire growth rate. In addition, the fire growth rate increases linearly with the
ventilation velocity. A correlation that fits all the data of the fire growth rate from model and
large-scale tunnel fire tests was proposed, see Figure 6.
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The dimensionless fire growth rate in model (blank symbols) and large-scale (filled
symbols) tests as compared to a theoretical model correlation developed by Li and
Ingason [22].

These observations and findings indicate that the longitudinal ventilation flow rates should be
addressed in a standardised fire test protocol. It is suggested that tests be conducted at both a
minimum and a maximum flow rate and that this range should form the installation thresholds of the
tested fixed water-based fire-fighting system.
The heat release rate at system activation
In an actual fire event, there could be many factors that influence the time taken from the start of the
fire until a fixed water-based fire-fighting system is activated: the characteristics of the fire, the
characteristics and type of fire detection system, the activation principles, routines and instructions,
human behaviour of the staff at the tunnel control centre, etc.
It should be emphasized that the ‘time’ until the system is activated is generally a poor measure to
describe what should instead be termed ‘the heat release rate’ at the activation. This is because the fire
growth rate may vary considerable due to factors like the longitudinal ventilation flow, the
combustible material, the arrangement of the combustibles, etc. Any time scale is therefore
misleading.
With the variation in heat release rate that is linked to actual fire conditions, it seems inevitable that a
fixed water-based fire-fighting system is activated at a range of heat release rates. Not only because
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this is what would be expected to occur in reality, but also because the fire suppression or fire control
mechanisms may vary with the size of the fire.
The performance objective in quantitative terms
The qualitative performance objectives given by NFPA 502 are a good starting point for establishing
acceptance criteria in quantitative terms. To determine fire suppression and/or fire control, it is
required that the heat release rate of the fire is measured as the reduction of the heat release rate is the
primary intent of these performance objectives. To determine surface cooling and volume cooling,
strategic temperature measurements of structural parts or objects exposed to heat convection and
radiation is required.
The specific quantitative performance criteria are not discussed here, but should be subject to a
thorough analysis. After activation of system, there may be different phases that could correspond to
either one or two or more of the definitions given and it may be difficult to classify the performance
according to one definition. One way to determine the efficiency of the system would be by
measuring the total energy released during the entire test duration. The efficiency of the system would
be by identifying a level of reduction of the heat release rates through integrated values. It may also be
that certain fire scenarios require slightly different performance criteria to reflect the nature of the
specific scenarios. This is common in fire test protocols for automatic sprinklers.
Appropriate measurement equipment and position of measurement equipment
A good test is not only a question of measuring the correct parameters, such as the heat release rate,
ceiling gas temperatures, heat radiation, smoke production, the generation of toxic gases, etc., it is
equally important that the measurements generate useful data for the evaluation of the performance.
Mawhinney et al. [23,24] discuss some of the concerns related to the measurement of gas
temperatures during testing of fixed water-based fire-fighting systems, i.e.:
•
•

The distance between the fire and measurement point changes as the fire moves through the fuel
array over 15 to 20 minutes. In other words, gas temperatures may increase late in a test, even as
the heat release rate gradually decreases.
The time scale to affect changes is on scale of 10 to 20 minutes, not 2 to 5 minutes, as in regular
testing with automatic sprinklers for warehouse protection.

CONCLUSIONS
Fixed water-based fire-fighting systems are presently an established, mature technology for mitigating
the consequences of fires in road tunnels. This paper discusses the qualitative performance objectives
established for fixed fire-fighting systems in general as compared to the qualitative performance
objectives established by NFPA 502 specifically for fixed water-based fire-fighting systems for road
tunnels.
For automatic sprinkler systems in buildings, fire suppression corresponds to a sharp reduction of the
heat release rate of a fire by direct application of water to the burning fuel surface. Fire control
corresponds to the decrease of the heat release by direct application of water and pre-wetting of
adjacent combustibles, while controlling ceiling gas temperatures. These performance objectives have
been used for many years and are reflected in quantitative terms in recognized fire test protocols for
automatic sprinklers.
The definitions for fixed water-based fire-fighting systems for road tunnels include four different
system categories and corresponding qualitative performance objectives. These objectives are not
identical with the objectives for other types of fixed fire-fighting systems. Although this may be
necessary due to the conditions, fire hazards and specific types of systems used in road tunnels; the
fact that they are dissimilar leads to confusion. These definitions may need to be revised to improve
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how they are interpreted. Principally, it could be argued that any system design could meet the
NFPA 502 performance objectives as the performance objectives are very broad, ranging from fire
suppression to direct (surface cooling of critical structure elements) or indirect (cooling of products of
combustion) exposure protection. This suggests that the qualitative performance objectives should be
translated to concrete, quantitative numbers.
It is proposed that a standardized fire test protocol should be developed. Such a document should
include the minimum requirements to be placed on a fixed water-based fire-fighting system for road
tunnels. This paper discusses some of the issues that need to be addressed. First of all, the fire test
sources needs to be representative and realistic. Additionally, it should be designed to generate
repeatable results in terms of fire growth rate and peak heat release rates. Research has shown that the
longitudinal ventilation flow rates of a tunnel could have a major impact on the severity of a fire. It is
therefore suggested that the tests be conducted over a range of ventilation conditions. The size of the
fire upon system activation is also important for the performance of the tested system and needs to be
varied. Finally, appropriate measurement equipment and position of measurement equipment is
necessary to generate useful data for the evaluation of the performance.
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New challenges in fire protection of tunnels
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ABSTRACT
The word “challenge”, means a call to participate in a competitive situation or fight to decide who is
superior in terms of ability or strength, or, a call to prove or justify something. Both meanings appear
applicable to fire protection, but perhaps in a different way than one would initially expect. In this
paper, challenges are addressed from the point of view of technical issues, as well as from a more
abstract perspective.
In a keynote, one can permit, to a certain degree, to be more abstract and critical, and proof arguments
without thorough scientific quantification. The keynote is interpreted in this case, as an opportunity to
make us think and provoke discussion.
KEYWORD: safety, engineering, cost reduction, trade-off
INTRODUCTION
ISTSS proceedings have a rich tradition, for more than a decade now. In that period, a spate of tunnel
fire protection challenges have been introduced and discussed at ISTSS conferences, and typically
include:
- The probability of large, or potential large, fires and their consequences (denoted as
catastrophic tunnel fires), in terms of heat- and smoke production and dispersion,
- Evacuation of (potential large numbers of) end-users,
- Tunnel operator, and driver education and training,
- Emergency response intervention techniques and tactics,
- Incident investigation,
- Damage assessment and repair techniques.
Over the years, especially due to results obtained in research and cooperation projects initiated in the
aftermath of large tunnel fires in Europe, and thanks to worldwide applied research performed in
construction projects and during exploitation of existing tunnels, the number and scope of
contributions to ISTSS conferences has grown almost exponentially (see Figure 1).
This suggests that tunnel safety is a challenging subject, continuously drawing attention of key
researchers, on a global scale.
This is of course not so difficult to understand, since tunnels vary widely in terms of construction
method, geometry, transport mode (road, rail, metro, cables, and combinations), traffic intensity or
volumes, presence of alternative routes, availability and capacity of emergency response services,
they can, and in fact must, be considered as complex systems, in all stages, ranging from design,
through construction to operation (and eventually demolition).
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Figure 1

Development of contributions to ISTSS conferences from 2003-2014:
exponential growth?

In this paper we will try to explore, based on an interpretation of these contributions, what new
challenges lay ahead, and how to take on these challenges.
The word “challenge”, refers to participation in a competition that should conclude on the superiority
or limits of participants skills or performance, or, more general, a call to prove or justify something.
Both explanations apply in some way to the subject of (both active and passive) fire protection, but
perhaps in a different way than one would initially expect. In this paper, challenges are discussed
from the point of view of technical issues, as well as more abstractly.
TECHNICAL CHALLENGES
The complexity associated with fire safety problems and the engineering approach towards these
problems, with a view to find fire protection solutions, is generally known and appreciated. Fire
protection challenges typically comprise:
- Identification of the possible fire scenarios (including growth/spreading) and their
probabilities,
- Analysing the effects of the fire scenarios, in terms of (toxic) smoke and heat production, both
internally (in the tunnel) as well as externally,
- Determination of the response of the end-users or occupants to these effects, as well the
response of the (sub)structures, both on the short term (i.e. during the incident, and direct
aftermath), as well as on the long(er) term (typically years after the incident has taken place),
- Assessment of the contributions of preventive and mitigation measures, and their fit for
purpose over the life time of the tunnel,
- Setting appropriate, and future “proof” safety levels and criteria,
- Etc.
If anything we have learned from investigations of real incidents, performing large scale tests, it is
that adequate (fire) testing is a key element, with a view to gather reliable data, as to the likelihood
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and development of fire scenarios, and their effects, as well as the performance of preventive and
mitigation measures.
In particular, new energy carriers will place us for challenges related to assessment of fire scenarios,
and their effects. A fire in a gas propelled city bus, with gas tanks mounted on the roof, in October
2012 in the Netherlands, illustrates this. See Figure 2. The safety valves did their work, but is a worth
a debate as to whether or not to design the jets horizontal, or rather vertical (and protect tunnel
ceilings, to enable to withstand the effects of such a jet fire).

Figure 2

Jet fire from gas tanks located on top of a modern bus (reference: www.regio15.nl,
courtesy @WijkagVrijenban).

Over the years, in ISTSS and other conferences, a still increasing number of publications on fire tests
is visible. In this respect, despite recent developments of large scale test facilities and cooperation
initiatives such as L-SURF, we are still challenged or limited in terms of the number and size of fire
tests we can perform, let alone if we would like to combine with e.g. explosion testing. Technical
limitations, besides time and budget constraints, as in variation of cross sections, inclinations,
ventilation capacity, etc, as well as environmental limitations related to the smoke production and
waste, and last but not least, limited availability of real vehicles / rolling stock, are factors where
compromises need to be found in every test programme. On top of that, measurement of key physical
and chemical phenomena is also still very challenging, given the shear size of the geometry involved,
the high fluctuations, with short time constants, as well as the sometimes very long necessary
recording times.
In addition to this, the majority of tests carried out so far, may be questioned as to which fire scenarios
they actually represent. In a large number of cases, fire loads in tests are situated in the middle of the
cross section, or track, c.q. driving lane, perfectly aligned with the tunnel length axis, whereas in
reality the fire load positions are much more irregular.
This may especially be relevant looking at e.g. the (local) effects of flame impingement, and local
damages because of trucks, or wagons, crashing in walls, and hitting other obstacles, which might
lead to e.g. trucks and their loads positioned after the crash on top of other cars, closer to the ceiling,
locally damaging especially detection and active systems. Further, advanced and more realistic testing
seems necessary, but poses us challenges as already identified above. Agreement on more realistic
and/or worst case fire scenarios, is a joint effort, and indeed a challenge. In other words: it is a
challenge to be more vigorous and thorough in testing different scenarios rather than just one
configuration and announce the outcomes to be accurate for all scenarios and configurations?
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Another challenge which sometimes appears to be ignored is related to modelling techniques. Also
this subject is discussed in many contributions in conferences, but model validation and calibration is
still a challenge. To illustrate this, a very simple exercise is given below. It refers to the simulation of
a passive fire protection board system, comprising two 15 mm fire insulation boards, with and without
an air void between the boards, and heated on one side ( a cellulosic “standard” fire curve), and
exposed to ambient conditions on the other side.
A simple 1D FEM model is used, and a number of cases are presented:
-

Case 1A: without air void between the boards, applying measured material properties
(temperature dependant thermal conductivity and specific heat);

-

Case 1B: back calculation of material properties, fitting specifically (arbitrary) temperature
criteria of 90 and 240 0C.

Results are plotted in Figure 3, for cases 1A and 1B. Due to ignoring moisture and vapour transport,
simulation 1A significantly over predicts temperatures. The results of the measured case are used to
back calculate the heat flow properties, with specific focus to fit the temperature (and associated time)
levels of 90 and 240 0C. Although these levels are arbitrary, they may to a certain, though limited
extent, be seen as indicative for certain fire resistance failure criteria.

Figure 3

Simulation of heat flow in a simple (board) structure: case 1A measured thermal
properties; case 1B back calculated thermal properties.

Using the back calculated thermal properties, which implicitly take into account moisture and vapour
transport, we now “extrapolate” to a situation where we introduce an air gap, or void, between the
boards. The results are given in Figure 4. It is clear that the air gap has a positive influence on the
results, in terms of much lower temperatures on the unexposed side, but the simulation is not
capturing the development of the temperatures, and is far too conservative above temperature levels of
50 0C. A temperature level of some 90 0C, is not reached in the test after 2 hours, whereas the model
predicts failure already long before 1 hour fire exposure.
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Figure 4

Additional simulation on a simple board structure: with an air gap.

In addition to this, we back calculated thermal properties of both boards, taking as calibration points
not only the temperatures at the unexposed side, but also the measured temperatures internally, at the
backside of the fire exposed board. That gives two different sets of materials properties, for each of
the two boards, implicitly taking into account the moisture and vapour transport. Using these values to
simulate case 1, gives results as presented in Figure 5. The points of interest when reaching 90 or 240
0
C, are also indicated. It is clear that also in this case the simulation is not correct: the simulation is
very unsafe to predict the 90 0C criterion, and very conservative with respect to the 240 0C criterion.

Figure 5

Simulation of case 1, with back-calculated properties from case 2.

This simple problem in thermal conduction illustrates already the complexity in modelling, and the
effect of implicitly taking into account certain physical phenomena. The justification of implicitly
accounting for certain phenomena is often found in avoiding too complex modelling, or vast
computation times. It is clear that more advanced simulations (in more dimensions, or in other fire
safety fields, such as CFD modelling of smoke dispersion, or modelling effect of sprinklers, as well as
FEM modelling of mechanical response of load bearing structures, e.g. spalling of concrete), poses us
for big challenges.
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TUNNEL CONSTRUCTION SECTOR CHALLENGES
The motivation for further research, and implicitly the need to actively look for new challenges, is
given in the ongoing urbanisation of our modern society, and, in parallel, but in principle independent
from urbanisation, the increasing demand for higher sustainability levels.
It may be obvious that urbanisation is highly correlated to increased underground infrastructure, and
this is not further discussed in this paper. The demand for mode attention to sustainability is however
more “challenging”. The word sustainable means ability to be upheld or defended at the same rate or
level. It is posed that this actually calls for a higher resilience level of underground infrastructure, in
other words: the capacity or ability to recover quickly from incidents.
The challenge is here to be found in continuously finding a renewed balance between limited - and
sometimes decreasing availability - of resources (besides raw materials, energy and human resources,
also including monetary resources), on the one hand, and the increasing demand for higher
sustainability levels, and more resilient (infra)structures.
The development of disaster resilience has also surfaced in the EU Framework Programme. A press
release for the so-called Horizon 2020 [1] states as one out of 12 focus areas: “Disaster-resilience:
safeguarding and securing society, including adapting to climate change (2014 budget: €72 million)
The cost of natural and man-made disasters, crime and terrorism in terms of environmental and
socio-economic impacts amounts on average to annual losses of 5% of EU GDP. The objective within
this challenge is to reduce the loss of human life, environmental, economic and material damage from
such threats. For example, funding will be provided for projects that use science and innovation for
adaptation to climate change by moving from assessing costs, risks and opportunities to
demonstration of options and practices.”
This calls our tunnel sector to jointly determine adequate safety criteria, not only in terms of
frequencies and number of casualties, but also impact on (socio-economic) environment, and
obviously in combination with adequate assessment techniques. But actually it goes even a step
further: with a view to be future proof, we need to continuously work on improvement of resilience.
Biezeveld in his White-Paper for the SFPE Benelux chapter, refers to the Deming Circle, well known
in quality management (“plan-do-check-act”), as an instrument to implement and measure continuous
actions to enhance resilience [2].
This can only be achieved if all actors (supply and construction industry, emergency response, AHJ’s,
consultants, research and testing bodies, insurance industry, etc.) really cooperate and develop a
learning “sector” and continuously improving and future oriented sector, pro-actively in search of new
challenges rather than avoiding them, and going beyond compliance to the legislation of today, which
is at best the compromise and convention of the past.
CONCLUSIONS AND RECOMMENDATIONS
Besides technical challenges, a new challenge is discussed in this paper: a joint, tunnel sector wide,
commitment to continuous improvement of safety and resilience, even if big incidents are
(fortunately) absent to forcedly point us in directions for further research. Implicitly mentioning or
suggesting that new challenges are non-existing, and the sector is technologically mature, is
considered as arrogant, and foolish.
The tunnel sector, more than any other related to construction industry, has the right ingredients for
such a transition. This is positively influenced by internationally operating contractors, engineering
consultants, supply industry, researchers and universities.
This conference could be the initiating platform to create a pact for continuous improvement, by
setting the outlines of criteria and assessment techniques, allowing for continuous improvement of fire
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protection levels, keeping pace of course economic growth.
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ABSTRACT
Ventilation systems are a major aspect in tunnel safety. On the one hand, they need to ensure that
sufficiently good air quality is made available for the safe passage of tunnel users. On the other hand,
they need to facilitate rescue conditions in cases of smoke or fire. While accomplishing the first task
(normal operation), i.e. providing sufficient fresh air, is relatively straightforward, dealing with the
second issue is the subject of considerable debate since defining the best way to ventilate a tunnel in
cases of emergency is not always clear.
Although fire tests have been performed since the early 1960’s, and although the topic of fire
ventilation was raised in early national and international guidelines, relatively little interest was
shown on the issue until several big fire events occurred in the 1990’s. The ventilation systems and
ventilation methodologies existing at that time proved to work well under normal operation, but failed
during fire ventilation. Nowadays, the design and operation of the ventilation system during incidents
with fire (commonly named ‘fire ventilation’) has become a major topic. This paper describes
methodologies for fire ventilation with a focus on applications in existing tunnels undergoing
upgrading.
KEYWORDS: ventilation of road tunnels, fire ventilation, smoke control
BACKGROUND
The issue of fire and smoke control has been already tackled in various PIARC publications (e.g. [1],
[2], [3] and [4]). These publications mention several threats to human health arising in the presence of
fire, e.g. high temperatures, the existence of various toxic gases, and low oxygen content. While low
visibility reduces both the possibility of escape as well as the ability to approach an incident location,
high temperatures and high heat radiation rates may also result in a continuous growth of the fire due
to flashover. Hence PIARC concludes that fire and smoke control is essential in order to:
• save lives by facilitating user evacuation,
• make rescue and fire-fighting operations possible,
• avoid explosions,
• limit damage to tunnel structure and equipment and to surrounding buildings [2].
That means there is a need for controlled ventilation in the case of an incident with fire and smoke.
Different countries have different philosophies regarding how best to ventilate in cases of fire. While
some tunnel operators prefer to focus on the avoidance of backlayering of smoke upstream of the fire,
other operators opt for maintaining low smoke propagation speed, at least during the self-evacuation
phase. This is somewhat controversial as the first option requires relatively high velocities upstream
of the fire (2.5 to 3 m/s), while the latter requires relatively low smoke propagation velocities as the
walking speed within a smoke-filled zone is around 0.5 m/s. Hence, in practice, a compromise is often
made by applying quite a low velocity in the range of 1.0 to 1.5 m/s upstream of the fire. This serves
to both minimise backlayering effects on the upstream side and to maintain lower smoke propagation
velocities downstream of the fire.
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Another important aspect which has to be considered is the ventilation system itself. While in tunnels
using longitudinal ventilation smoke has to be transported from the fire site through the whole tunnel,
transverse ventilation systems allow for a concentrated smoke extraction inside the tunnel and hence
for a smoke-free zone over large areas of the tunnel. However, transverse ventilation tunnels need to
have quite a complex ventilation control system in order to confine the smoke to the extraction
locations.
Directive 2004/54/EC [4] defines minimum safety requirements for road tunnels within the Trans
European Road Network (TERN). The directive covers the need for ventilation as well as the
requirements for technical equipment. Although explicitly valid only for the TERN road network, it
nevertheless represents the state of the art for application in many tunnels within Europe and
throughout the world. However, it describes only the requirements for technical installations and does
not cover questions of emergency operation. The relevant information in such cases can be found in
international (e.g. [2], [3], [4]) or various national guidelines (e.g. [6], [7], [8]). While existing
guidelines are relatively easy to apply to new tunnels, very often a much greater effort is needed when
attempting to apply guidelines to tunnels undergoing upgrading.
VENTILATION SYSTEMS AND PHILOSOPHY OF FIRE VENTILATION
During fire ventilation, smoke management is ideally achieved by dilution and/or removal of smoke.
Polluted air has to be replaced by clean or smoke-free air, which is either supplied mechanically or
drawn in through the portals. Dilution can increase tenability e.g. by reducing concentrations of toxic
gases. The basic principles of smoke movement have already been described in detail in [3], those of
smoke control in [4]. These principles are still valid. PIARC only provides recommendations. More
detailed and binding instructions are mostly given in national guidelines. However, whatever the
guidelines state, one must always be aware that fire ventilation is only one part of tunnel safety, and
that it is subject to several constraints in the form of design criteria (e.g. fire load) and operation
possibilities [10].
Longitudinal ventilation tunnels
Ventilation philosophy
The philosophy for fire ventilation in longitudinally ventilated tunnels is quite simple. Polluted air can
only be removed via portals or ventilation shafts. The main questions here concern which air/smoke
speed has to be applied and how fan activation is to be performed. Concerning air/smoke velocity,
there is some controversy surrounding the issue of whether application of a ‘critical velocity’ or of a
‘low velocity’ is to be preferred.
A critical velocity philosophy is applied in order to avoid backlayering, i.e. to prevent or slow the
upstream movement of smoke along the tunnel ceiling. Typical values for critical velocities are in the
region of 2.2 to 3.5 m/s for fire sizes around 30 to 50 MW heat release rate. However, with a heat
release rate of 30 MW it can be expected that the downstream velocity will increase by a factor of 2 to
3, resulting in smoke propagation velocities much too high to allow for self-rescue downstream of the
fire. Hence, such a ventilation philosophy can only be recommended for tunnels with unidirectional
traffic where the fire incident occurs at the top of a traffic stream.
A low velocity philosophy is recommended by PIARC [4], as well as in many national ventilation
guidelines (e.g. [6], [7], [8]) for bi-directional tunnels as well as for tunnels with unidirectional traffic
where the specific conditions prevailing at the site of the incident (e.g. fire within congestion or not,
risk of flashover, etc.) remain unclear. Here, target velocities of the upstream (i.e. cold) air are in the
range of 1.0 to 1.5 m/s. Such air/smoke velocities are a compromise between ‘accepting reduced
backlayering’ and ‘moderate air/smoke velocities downstream the fire’. As the conditions obtaining in
the near-field of the incident are in most cases not known, this ventilation philosophy is in many cases
the most appropriate one. However, it requires control of the air velocity inside the tunnel and hence
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the appropriate equipment.
A near zero velocity philosophy should not be applied, as the local concentrations of toxic gases as
well as the local temperature will increase strongly and will reduce the tenability in the near-fire zone
dramatically. In addition, any change in boundary conditions such as heat release rate, outside wind
pressure, etc. result in an unpredictable smoke movement inside the tunnel and hence in continually
changing conditions in the near-field of the fire. Self-rescue, supported rescue, and fire-fighting
possibilities are all strongly reduced. Thus PIARC [4] classifies such a ventilation philosophy as being
‘less favourable’. In fact such a ventilation strategy is very risky and should be avoided whenever
possible.
Fan activation
A second very important issue is the selection of active jet fans inside the tunnel. The fans have to
fulfil two purposes. The first, is to control the air/smoke velocity; the second, is to maintain an
overpressure in the non-affected tube in order to avoid smoke penetration through open cross-passage
doors.
Any active jet fan induces a lot of turbulence in the air/smoke movement. Thus, fans which are active
within the smoke filled zone destroy any existing smoke layer and hence fill the full tunnel cross
section with smoke. The logical consequence is the usage of fans upstream and a very late activation
of fans downstream of the fire location. Such a ventilation strategy (pushing strategy, Figure 1)
creates an overpressure upstream of the fire and a low pressure region downstream. This strategy is
applicable for tunnels with bi-directional traffic, as any activation of fans within the smoke zone is as
late as possible. In tunnels with unidirectional traffic - and no congestion - a strategy based on
activation of fans downstream of the fire (pulling strategy, Figure 2) is likely to be preferable since
any downstream location - compared to the non-incident tube - will automatically have a lower
pressure. Hence, smoke penetration into the non-incident tube is unlikely.

Figure 1

Fan activation strategy for tunnels with bi-directional traffic or tunnels with
unidirectional traffic and congestion (pushing strategy)

Figure 2

Fan activation strategy for tunnels with unidirectional traffic and incident occurring at
front of traffic queue (pulling strategy)
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Due to the high turbulence introduced by running fans, any fan in close proximity to the fire zone
must not be activated, i.e. fans already in operation have to be shut off.
Fire ventilation of short tunnels
Fires in short tunnels - especially those with higher gradients - can pose a big problem with respect to
ventilation during a fire. In most cases the distance between fire location and fans might already be so
small that the air/smoke velocity inside the tunnel cannot be controlled in an efficient manner [9]. In
such situations it might be beneficial not to activate any ventilation at all. However, other measures
then have to be introduced in order to overcome the problems resulting from uncontrolled smoke
propagation inside the tunnel. One such measure for example, could be the introduction of shorter
distances between escape ways.
Transverse ventilation tunnels
Ventilation philosophy
Transverse ventilation tunnels provide the possibility of extracting the smoke close to the fire
location. However, this requires remote-controlled dampers between traffic room and the smoke
extraction duct. According to the EU directive [5] transverse or semi-transverse ventilation systems
with the capability to evacuate smoke in the event of a fire are to be used in tunnels where
longitudinal ventilation is not allowed. However, the directive [5] only applies to tunnels with bidirectional traffic longer than 3,000 m, with air/smoke extraction dampers which can be operated
either separately or in groups. This limitation to tunnels with bi-directional traffic and a length greater
than 3,000 m is totally misleading. Concentrated smoke extraction is only possible when the location
of the extraction can be limited to the location of the smoke source, regardless of whether the traffic is
unidirectional or bi-directional or shorter or longer than 3,000 m (see Figure 3). The effectiveness of a
transverse ventilation system with smoke extraction depends solely on the possibility of confining the
smoke to within a short region (control of air/smoke flow) and on the capacity of smoke extraction.

Figure 3

Transverse ventilation system with remotely controlled dampers and smoke extraction in
fire ventilation mode (source: [4])

Typical air/smoke extraction rates vary between some 120 m³/s [6] and a multiple of the tunnel cross
section [8]. The number of the dampers to be opened in the case of a fire is dependent on their size.
The situation as shown in Figure 3 depicts the optimal situation for smoke extraction. The velocity of
the air/smoke inside the tunnel is dependent on the extraction volume and on the tunnel cross section.
Smoke control is required in order to ensure smoke movement towards the open damper(s). An
additional requirement is the need for an air movement from both portals towards the extraction
location (see Figure 3). In tunnels with bi-directional traffic, achieving similar air/smoke volume flow
rates from both portals towards the extraction point is recommended as this prevents as many tunnel
users as possible from being trapped in the smoke. In tunnels with uni-directional traffic the airflow
from the fire side towards the extraction point should be much bigger. However, even in such
situations it is likely - at least during the first phases of the incident - that smoke movement will occur
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a relatively long way downstream of the extraction point. Hence, having some air flow from the exit
portal towards the extraction location is regarded as favourable. This allows for the extraction of
smoke which was transported beyond the extraction location before the ventilation system went into
full operation (see Figure 4).
Influence of fire detection and system start-up
The air velocity existing inside the tunnel at the time of an incident also has to be taken into
consideration. This causes an air/smoke flow along the tunnel. The time required for detection,
together with the start-up time of the ventilation system (emergency mode), determine how far the
smoke moves in the tunnel before effective extraction begins. Figure 4 shows the smoke propagation
within a tunnel with transverse ventilation. It is assumed that fire detection starts 180 s after the
incident. Full extraction capacity is reached after another 180 s. This lasts almost 10 to 12 minutes
after the incident until the final ventilation objective (smoke confined within incident location and
open extraction damper) is reached. Note: the large zone with backlayering upstream of the fire
location is an artefact of the calculation tool. The model used (FDS version 5.0) overestimated the
length of the backlayering zone in the grid configuration employed.
Thus, while it can be concluded that transverse ventilation systems with remotely controlled dampers
do provide a safety benefit in terms of smoke extraction, this benefit is strongly dependent on the time
frames needed for incident detection and on the start-up of the ventilation system in fire mode.

Figure 4

Smoke propagation in a transverse ventilation system with remotely controlled dampers
and smoke extraction [11]

Need for control of air/smoke flow inside the tunnel
As shown in Figure 3 and Figure 4 there is a need to confine smoke to the region between fire and
open damper(s). Applying smoke extraction alone is not sufficient as many parameters influence the
smoke movement inside the tunnel. Depending on the location of the smoke extraction damper in
relation to the portals, on buoyancy effects caused by the fire, and on external pressure differences
between the portals, it is necessary to control the air/smoke flow towards the open damper(s) using
additional equipment such as jet fans (Figure 5) , a Saccardo type air injection system (Figure 6), or
by some other means, in order to provide the required pressure balance inside the tunnel [12].
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Figure 5

Jet fans in tunnels with transverse ventilation systems for smoke confinement [12]

Figure 6

Sketch of a Saccardo type air injection in tunnels with transverse ventilation systems for
smoke confinement [12]

Nowadays, even in long tunnels, the fresh air requirement is quite small, so that it is sufficient to
design a semi-transverse ventilation system for smoke extraction in the case of fire. In such a case
smoke confinement is often achieved by the usage of additional jet fans installed inside the tunnel.
The thrust - and hence the number of jet fans - needed to confine the smoke, depends on the pressure
difference between the portals. For bigger pressure differences a few big fans are often installed
instead of a large number of smaller fans (see Figure 5). This increases construction costs but reduces
costs associated with maintenance and related tunnel closure. In an existing full transverse ventilation
system it might be favourable to use the existing fresh air fans to achieve the required pressure
balance (see Figure 6). Both systems have their pros and cons. The pros for the usage of additional jet
fans are related to the relative ease with which the air/smoke velocity inside the tunnel may be
controlled. The cons are to be seen in the additional costs for fans and civil works. The usage of
existing fresh air fans for air injection has its benefits on the cost side (existing equipment) but there
are also disadvantages in that the control of the smoke movement is much more complex [12].
Sensors needed for fire ventilation
As shown above fire ventilation requires smoke control and a clear strategy for fan activation. Hence,
it is necessary to have proper sensors inside the tunnel in order to ensure:
• reliable and quick detection of the incident,
• correct location of the fire,
• correct and reliable measurement of the air/smoke movement inside the tunnel.
Numerous types of sensors are available to help identify the location of an incident. While linear heat
detectors are reliable with respect to relatively large, stationary heat sources, they can be problematic
in the detection of smouldering or smoky fires. On the other hand, systems such as CCTV, while
offering quick detection, are often accompanied by quite a high failure rate. Some countries such as
CH require a combination of linear heat detectors and smoke detectors for incident detection. The
more complex the tunnel system is, the more complex the control of the ventilation in fire mode will
be [13].
The only information needed for ventilation control is the air/smoke velocity inside the tunnel. Thus,
having correct and reliable measurements of the air/smoke velocity inside the tunnel is imperative.
Plausibility checks for sensor values, as well as equipment redundancy installations are also essential.
While this clearly increases the effort entailed in measurement, it is more than justified by the
resulting improvement in fire ventilation functionality.
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Despite the relatively large number of sensors required inside the tunnel, a full sensor blackout may
still occur. Where it is not possible to allocate the location of an incident, keeping the status of
ventilation unchanged, or shutting it off completely, might be the wiser choice. This depends on the
situation. In cases where there is no information on the velocity of the air/smoke movement inside the
tunnel it might be better to maintain a certain level of smoke movement. This would allow the tunnel
users to adjust themselves to the situation. In such cases national regulations such as RVS 09.02.31
[6] demand that fans continue to operate at least 50% of their full capacity.
FIRE VENTILATION FOR THE UPGRADED ARLBERG TUNNEL
When designing new tunnels the latest regulations can all be taken into account. A much more
difficult situation arises when existing tunnels have to be upgraded. Matters become even more
complicated where long transverse ventilation tunnels, designed decades ago as part of civil works
projects, now need to be updated in order to comply with existing standards [13]. This is discussed in
the section below with respect to the fire ventilation system and the upgrading of the 14 km long
single tube Arlberg tunnel.
Existing ventilation system
The Arlberg tunnel has a length of approx. 14 km and connects Tirol to Vorarlberg in the western part
of Austria. The tunnel was opened 35 years ago and has been operating since then as a single tube
tunnel with bi-directional traffic. The average daily traffic volume is around 8,000 veh/day, and the
peak traffic in holiday seasons is almost twice as high. The tunnel is equipped with a full transverse
ventilation system with six ventilation sections, two vertical shafts (736 m and 218 m) and two portal
stations. Each section is currently ventilated by one fresh and one exhaust air fan. Figure 7 depicts the
ventilation scheme, where VS1 to VS6 denote the ventilation sections, F1 to F6 and E1 to E6, denote
the fresh and the exhaust air fans.

Figure 7

Sketch of the existing ventilation scheme of the Arlberg tunnel

Upgraded system
Currently escape galleries leading to the parallel railway tunnel are located every 1,700m. The
Arlberg tunnel is part of the TERN road network. According to the EU directive [5] the distance
between escape points has to be reduced to a maximum of 500 m. The distance between railway and
road tunnel is quite big (up to 300 m) and there is no need for further escape routes for the railway
tunnel. Thus, instead of introducing further cross passages to the rail tunnel of the following solution
was chosen This means that between the existing cross passages to the railway tunnel (every 1,700 m)
the fresh air ducts will in future also serve as egress ways. While this minimises construction costs, it
does require additional installations for maintaining egress user safety. Figure 8 shows a sketch of the
road and railway tunnel as well as of the existing and the new (green) egress ways.
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Figure 8

Sketch of the egress ways of the Arlberg tunnel (ASFiNAG)

Figure 9 shows images of the new egress way. Ramps will be installed instead of stairs in order to
allow for usage by the handicapped.

Figure 9

Images of the new egress way as well as of the connection between traffic room and
egress way via fresh air duct (source ASFiNAG)

Additional features which have to be installed are:
• high pressure water mist system in order to reduce the fire load and to protect the false
ceiling,
• remotely controlled dampers in the fresh air duct in order to avoid smoke penetrating into the
fresh air duct,
• egress ventilation
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Requirements for tunnel ventilation systems have changed over the years. While in former years the
need for fresh air supply was dominant, this is no longer the case. Originally, per ventilation section
(~2.4 km), roughly 370 m³/s were required, nowadays only 10% of this amount is necessary. On the
other hand, the demands relating to fire ventilation, and especially to smoke control, have become
much stricter.
Fire ventilation
The principles for fire ventilation in the Arlberg tunnel follow the philosophy described above in the
section ‘Ventilation systems and Philosophy of fire ventilation’,(see ‘Transverse ventilation tunnels’).
The main issue is the confinement of smoke in the region of the extraction damper. As the Arlberg
tunnel represents a weather barrier the meteorological pressure differences between the two portals
are quite high. They amount to 254 Pa as 95 percentile of the half-hour mean values of the pressure
differences. Hence massive electro-mechanical installations in the form of jet fans or air injection
nozzles are needed in order to maintain pressure gradients. A cost-benefit analysis indicated that
usage of the existing fresh air fans for air injection is appropriate. This requires the installation of
fresh air injection dampers (FAID) and sealing doors within the fresh air duct (see Figure 6). Figure
10 depicts the scheme of the upgraded ventilation system with the FAIDs and additional jet fans (JF1
to JF3) for smoke control. The advantage of this system is that existing fans can be used and structural
adaptations inside the tunnel can be reduced to a minimum. The drawback of FAIDs is that each
additional device raises the flow of air into the tunnel. The increase in momentum (thrust) brought
into the tunnel is accompanied by an increase of the volume flow rate. Hence the air/smoke velocity
inside the tunnel also increases. Use of a simple jet fan, in contrast, would only produce the required
thrust in the traffic room. In order to overcome the problem of increasing volume flow rates, air
extraction in other ventilation sections has to be utilised to achieve the required pressure balance
(push – pull system). Such a concept was originally implemented in Austria in 2002, using a full
closed loop control system for the 10 km long Plabutsch tunnel [14]. At that time, however, vertical
air injection and extraction was employed without using the momentum of the injected air. Systems
with FAIDs have since been applied successfully in Austria in several long road tunnels [12]. What is
new in the Arlberg tunnel, is the parallel usage of multiple FAIDs and jet fans as well as air extraction
in sections other than in the fire section.

Figure 10

Sketch of the new ventilation scheme of the Arlberg tunnel (left) and of the cross section
in the region of jet fan JF3 (right)

Figure 11 shows a scenario for a 30 MW fire in ventilation section VS6. Close to the fire location a
mass flow of 144 kg/s smoke/air is to be extracted. In order to achieve a symmetrical flow from both
portals towards the extraction location the usage of the FAID1 and 2 as well as of the jet fans JF1 and
JF2 is needed. In addition air extraction is required in section VS6. In this particular case, various
exhaust air and fresh air supply fans as well as the jet fans are needed at the same time in order to
reach the required ventilation goal. The remaining fresh air fans are needed to vent the escape route
via the fresh air duct. Figure 12 shows the velocity distribution inside the tunnel resulting from fan
activation in this scenario. As can be seen, symmetrical air flow from both sides of the incident
location towards the extraction point can be achieved.
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Figure 11

Fire ventilation for an incident in ventilation section VS66

Figure 12

Air velocity distribution for an incident in ventilation section LA6

The ventilation system chosen for the Arlberg tunnel utilises as much existing equipment as possible
and thus helps avoid new construction of major civil works that would otherwise be necessary in
order to achieve current safety requirements. It represents a compromise between the requirements of
cost efficiency, the time available for system refurbishing and upgrading, and technical feasibility.
The tunnel is quite long, hence the air masses that need to be moved in the case of a fire are relatively
large. As a result of the high level of inertia, the control behaviour of the flow is expected to be
relatively slow. However, the equipment available to control the velocity inside the tunnel (FAID and
air extraction) is powerful enough to cope. Sufficient time for adjusting the software parameters as
well as for testing the whole system will be required. This has to be followed by a dense schedule of
system tests in order to minimise the risks of producing an overly complex, or unwieldy ventilation
system.
CONCLUSION
Fire ventilation - i.e. the use of ventilation during a fire event - is an important operating mode in any
tunnel ventilation system. It raises the possibility of self-rescue during the initial phase of an incident.
Various guidelines have already been established at international and national levels to ensure that
relevant safety standards are met. The focus lies on the control of the air/smoke velocity in the nearfield region of the fire. In most cases a ‘low velocity’ philosophy is the most appropriate one in order
to enable self-rescue, even in the smoke-filled zone. In order to achieve this goal correct measurement
of the air/smoke velocity and sound control procedures for the fans are required. In turn, this will
more or less automatically call for permanent testing of sensors (their functionality and plausibility)
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and also for regular testing of fire ventilation systems, i.e. detection, activation and fan control.
However, due to the increased demands required of road traffic infrastructure the time frames
available for maintenance and tests are increasingly being shortened, even though the technical
infrastructure now in place is much more complex compared to that used in former years. There is
thus a risk that in one of those rare moments when the system is needed, failure of one part of the
safety chain could result in the system not delivering the required result. Thus, either the systems have
to be simplified, or more effort has to be invested in maintaining and testing safety equipment.
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ABSTRACT
Tunnel accidents with transports of dangerous goods may lead to explosions. Risk assessment for
these accidents is complicated because of the low probability and the unknown, but disastrous effects
expected. Especially the lack of knowledge on the strength of the explosion and the consequences for
the tunnel user, the tunnel lining and the consequences for the surroundings and adjacent structures,
hampers the quantitative risk assessment. Decisions on the routing of the dangerous goods transports
cannot be supported by quantitative risk analysis (QRA) without knowledge on the explosion
mechanisms and the ability to predict the explosion strength for accident scenarios.
The common knowledge proved to be insufficient for this risk evaluation. Based on the expertise on
explosions, reactive gas dynamics and CFD expertise, TNO developed engineering models to quantify
the explosion load and consequences.
This paper presents (i) the different types of explosions and the related scenario conditions, (ii) the
explosion models and representative explosion loads and (iii) illustration of the consequences.
A comparison with the guidelines given in the Eurocode is made and shows that these guidelines are
not suitable for risk assessment and tunnel design. The engineering models presented in this paper
give the required input for QRA. It is shown that a variety of explosion strengths may occur and that
not all explosion scenarios lead to disastrous effects. For the transport of dangerous goods through
tunnels a wide scope of explosion scenarios has to be and can be considered.
KEYWORD: explosion, tunnel design, risks, models, transport dangerous goods.
INTRODUCTION
International trading and transfer of goods are main drivers of the Dutch economy for centuries.
The Netherlands have a good position internationally, e.g. the Port of Rotterdam. The geographical
location helps but is no guarantee for continuation of success. The overall infrastructure and high
quality network of roads, rail- and waterways is needed to remain this position and stimulate the
economy. In the infrastructure, the number and length of the tunnels increased considerably and so the
safety issue related to the transport of dangerous goods and the explosion risk. In 1960 the
Netherlands had only three road tunnels, in 1980 twelve tunnels while in 2014 there are thirty five
with an average length of about 1000 m. Most tunnels in the highway network are located in the
western part around Rotterdam and Amsterdam (see Figure 1). The first tunnels were built to pass
waterways, but nowadays multiple use of space and environmental requirements lead to long land
tunnels. Tunnels are an integrated and essential part of the road infrastructure.
Initially the risks of explosions in tunnels could easily be excluded by prohibiting the transport of
dangerous goods through the few existing tunnels, alternative routes were available. With the
increasing number of tunnels and the intensification of transport, the need for knowledge to quantify
the risks of accidents with dangerous goods in tunnels also increased over the years. Toxicity and
especially the risks related to fire were paramount, but also questions on the explosion risks arose for
almost each new tunnel project. However, the research dedicated to explosions in tunnels was limited
and so was the knowledge and data on explosion effects. In the Netherlands, the Defence related
institutes of TNO gained also extensive knowledge on explosions and the consequences of industrial
explosions (gas- , dust- explosions and bursting vessels). They participated in international research
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programmes on safety for chemical industry and offshore platforms in which the explosion
mechanisms and effects were studied. International research programmes on explosions in tunnels
were never defined.

Figure 1

Highways in the Netherlands, 1960 left, 2013 middle; locations road tunnel 2013
concentrated around Rotterdam and Amsterdam (right)[14]

In the Netherlands the explosion topic remained on the agenda and questions on the possible
consequences have been raised with each new tunnel project. In 2010 TNO decided to combine the
available knowledge and develop engineering models to enable and serve quantitative risk assessment
[1]. The activities are supported by the Ministry of Infrastructure and the Environment (especially the
“Rijkswaterstaat department”). Since a few years the activities are carried out by “InfraQuest”, a
collaboration of Delft University, TNO and the Ministry of Infrastructure and Environment.
The current paper presents the results for the part on the explosion load and explosion conditions for
accidents with the transport of liquefied gas. The structure of the paper is as follows. First the
different explosion types and the explosion mechanisms are presented. The parameters of the
mechanisms give the explosion scenario conditions which are addressed next. After the qualitative
description the models developed by TNO are presented and applied for representative (Dutch) tunnel
geometries and design loads are proposed. Then the recommendations of the Eurocode are discussed
and compared with the results of the models. The paper ends with concluding remarks and
recommendations.
EXPLOSION TYPES FOR PRESSURIZED GASSES
Selection representative gas, LPG
For the efficient road or rail transport of gases these are liquefied by cooling or high pressure. The
latter is most commonly and suitable for example carbon dioxide and propane. The transport of LPG
(Liquefied Propane Gas) is most relevant for the tunnel safety issue in the Netherlands. Because all
explosion types may occur with LPG transport, this gas has been chosen as representative for the
tunnel studies in the Netherlands and is used as benchmark in this paper.
Explosion types
Explosions occur when the energy stored in the gas is released in a short time. When a gas is
pressurized and contained in a vessel, the stored energy is released when the vessel fails and the gas is
exposed to the ambient pressure. Two extreme transport conditions can be considered: (i) the vessel is
full or (ii) the vessel is empty. In the first situation only a limited amount of the gas is in the gas phase
above the liquid gas and a BLEVE may occur, while in the latter case the amount of liquid can be
ignored and the vessel is filled with gas at the saturation pressure (for LPG: 1800 kPa (18 bar) at
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326 oK) and a vessel burst explosion may occur. Both explosion types are physical explosions, no
chemical reaction is involved. After a reactive gas, like propane, is released an additional explosion
may occur when the gas is ignited. A gas explosion occurs which strength depends on many
parameters like the gas release rate, amount and type of gas, geometry and length of the tunnel and the
ventilation conditions. In the following sections the explosions related to vessel rupture scenarios of a
full tank leading to a BLEVE, an almost empty tank generating blast from the expanding vapour
phase and the gas explosion will be discussed and modelled. The scenarios considered are given in
Table 1.
Table 1 Explosion scenarios and temperature conditions
Scenario
1a (T = 326 K)
Vessel rupture, evaporation, BLEVE
1b (T = 340 K)
Vessel rupture, evaporation, BLEVE
2a (T = 288 K)
Vessel rupture, vapour phase
2b (T = 326 K)
Vessel rupture, vapour phase
3a instantaneous release Gas explosion
3b continuous release.
Gas explosion
BURSTING VESSEL, EVAPORATION, BLEVE
The abbreviation BLEVE stands for Boiling Liquid Expanding Vapour Explosion.
It is a physical explosion. Note that sometimes incorrectly the flame jet or fire ball that may occur
after a vessel fails and the released gas is ignited and got on fire, is labelled or characterised as
BLEVE phenomenon.
Qualitative description
Under normal storage conditions, liquid and vapour in a vessel are in a state close to thermodynamic
equilibrium. When a vessel ruptures, the pressure suddenly drops to ambient pressure. The liquid will
start to boil when it is depressurised. The evaporation process requires heat, which is extracted from
the liquid. As a consequence, the temperature and the vapour pressure of the remaining liquid fall.
The quick phase change from liquid to vapour causes a large volume increase. Ambient air will be
pushed aside, with a blast wave as possible consequence when the evaporation is quick enough.
The physical phenomena and the consequent blast effects after the rupture of an LPG-vessel are
highly dependent on the vessel temperature. Based on physics principles an explosive evaporation
process can only occur if the liquefied gas is sufficiently superheated, that is heated beyond the
homogeneous nucleation temperature, i.e. the super heat limit. Whether explosive evaporation is also
possible below the homogeneous nucleation temperature is unclear. [2, 3 and 12]. The evaporation
rate will be much lower, and so the blast effects. Therefore, in the current study BLEVE’s at
temperatures below the superheat limit are excluded from evaluation. As the superheat limit of LPG is
approximately equal to 326 K, the occurrence of a so called “cold LPG-BLEVE”, i.e. the blast effects
following vessel rupture at a vessel temperature lower than 326 K are then solely due to the expansion
of the pressurized vapour phase in the vessel. The pressure of the vapour is equal to the vapour
pressure of the liquid at the temperature in question (the scenarios 2 given in Table 1).
Model description
The explosive evaporation process requires heat, which is extracted from the remaining liquid. The
evaporation process, the gas expansion and the generated blast in the surrounding air is modeled
computationally using the thermal (or energy) balance, the balance for mass flow and the conservation
of momentum. For details see [1, 4, 5]. The sudden transition of liquid to vapour is accompanied by
the development of a large volume that pushes the surrounding atmospheric air aside. Accurate
computation of the gas dynamics requires a liquid release rate from the vessel and an evaporation rate
of the flashing liquid as a function of time for input. Both are hard to estimate on the basis of current
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know how. For the time being therefore, a safe and conservative approach in the modelling of blast is
appropriate. Such an approach consists in the simple assumptions that the vessel instantaneously
disintegrates and that there are no intrinsic physical limitations for the evaporation rate of a
superheated liquid. Then, the evaporation rate is fully determined by the gas dynamics (inertia) of the
developing mass of vapour pushing the surrounding mass of air aside. This safe and conservative
assumption of expansion-controlled evaporation constitutes the starting point for the computation of
the gas dynamics induced by the evaporation process.
An explosive evaporation process was modelled as a vapour release from a source area covering the
initial liquid volume. The vapour pressure of the superheated liquid in the source area drives the gas
dynamics of the vapour release. As a consequence of the evaporation, the liquid temperature and
thereby the vapour pressure fall until the boiling point under ambient conditions has been attained.
The evaporation rate of the superheated liquid is fully determined by the rate at which the developing
vapour can expand by moving the mass of vapour and the mass of surrounding air.
This concept can be framed in a numerical mesh of any geometry [5]. The gas dynamics has been
computed by a time stepwise integration of the Euler equations that are the conservation equations for
mass, momentum and energy for inviscid compressible flow. The vapour pressure of the liquid in the
source area and the consequent mass flow constitute the boundary conditions for the developing gas
dynamics of expansion outside the source area.
The entrainment of the atomized liquid mass will of course slow the vapour pressure-driven
expansion process. Strictly speaking, inclusion of the liquid phase entrainment would require
advanced two-phase flow modelling. In the present simplified single phase ideal gas approach
however, the influence of the entrainment of the liquid phase on the expansion has been simply taken
into account by including the remaining mass of liquid in the expanding mass of vapour.
Model calibration
Van der Voort, Van den Berg, Roekaerts and Xie [2] describe an experiment in which three carbon
dioxide bottles have been ruptured and the blasts from the subsequent explosive evaporation processes
have been recorded. The measurements enabled to validate and calibrate the BLEVE blast modelling.
Experimental observations and computational results were made to correspond by reducing source
outflow velocities in the model. The thus calibrated modelling has been used to numerically simulate
the explosive evaporation of 50 m3 LPG in a tunnel tube and to compute the resultant pressure load on
the wall.
Model application for tunnel conditions
In all examples given in the current paper a circular cross section of the tunnel tube is considered. The
cross section area is 72 m2 , according to a rectangular cross section of 5 x 14.4 m2. Explosive
evaporation of LPG can occur only when the temperature exceeds the homogeneous nucleation
temperature (≈ 326 K for LPG). The terms “cold BLEVE” and “warm BLEVE” are sometimes used,
referring to the initial conditions for vessel failure, are incorrect and should not be used. For
temperatures lower than 326 K the blast effects from vessel rupture are dominated by the vapour
phase expansion and design loads are given by scenario 2, see next section.
The BLEVE-scenarios have been modeled for the 72 m2 and the resulting blast pressure load on the
tunnel structure are summarized here in Figure 2. In the area around the bursting vessel, the
expanding vapour-liquid mixture impacts the tunnel lining at high pressure. Next the flow is
redirected in the tunnel axial direction and a 1D- blast wave is generated with an almost constant, but
much lower amplitude.
Based on the performed analyses [1] TNO proposes to use as representative, state-of-the-art explosion
loads for tunnel design and risk assessment for the BLEVE scenarios the loads given in Table 2. In the
design of an explosion-resistant tunnel structure, the possible effect of the negative phase with pressure
lower than the ambient pressure, should be examined [see 1, 2].
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Figure 2 Peak pressure and impulse as a function of distance to the BLEVE
Table 2 Scenario 1, BLEVE, explosion peak overpressure and impulse
Scenario
Peak pressure (kPa)
Impulse (kPa.s)
R < 8m
R > 8m
R < 8m
R > 8m
1a (T=326 K)
600
120
50
20
1b (T= 340K)
800
180
60
20
BURSTING VESSEL, VAPOUR PHASE
Model description
In this section we consider the blast effects from a vessel rupture at a temperature lower than the super
heat limit (for LPG i.e. 326 K). As mentioned before, then only the expansion of the pressurized
vapour phase in the vessel contributes to the blast. A maximum effect occurs when the vessel contains
only a small quantity of liquid in thermo dynamic equilibrium with the vapour phase that now fills
almost the entire vessel. The blast effects of such a scenario are quantified by numerical simulation
[5], starting from an entire vessel volume of pressurized propane vapour at two different temperatures:
• A temperature about equal to the homogeneous nucleation temperature of 326 K at a vapour
pressure of 1800 kPa.
• A temperature equal to an ambient temperature of 288 K at a vapour pressure of 730 kPa.
The decisive parameters for the generated blast are the temperature, type and amount of high
pressurized gas and of course the dimensions of the tunnel. To illustrate the explosion power the burst
of a vessel of ∅ 2.5×12 m2 containing about 60 m3 pressurized propane has been simulated in a
tunnel tube of 72 m2 cross-sectional area. A two-dimensional cylindrical approach enables a quick
numerical computation of fine resolution and therefore of high accuracy. To that end the configuration
of a pressure vessel of 60 m3 (∅ 2.5×12 m2) in a tunnel tube has been simplified to a two-dimensional
cylindrical geometry.
Model application for tunnel conditions
The blast load of the tunnel structure (cross section 72 m2) due to the rupture of an almost empty LPG
vessel has been modelled. The peak overpressures and the corresponding positive impulses at various
locations at the tunnel wall are summarized in Figure 3. Just like in the BLEVE scenario, the peak
pressure and the impulses are highest in the area around the bursting vessel. At some distance the flow
is redirected along the tunnel axis and the blast load becomes more moderate. For the scenarios 2a and
2b the proposed design loads are given in Table 3.
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Figure 3

Peak pressure and impulse for bursting vessel at the vapour phase, as a function of
distance to explosion source

Table 3 Scenario 2, rupture of an almost empty vessel - blast peak overpressure and impulse
Scenario
Peak pressure (kPa)
Impulse (kPa.s)
R < 6m R > 6m
R < 6m
R> 6m
2a (T = 288 K) 200
60
2
1
2b (T = 326 K) 500
100
6
3
GAS EXPLOSION
Explosion mechanism
A mixture of a fuel and air can only be ignited when its composition is between the flammability
limits. Such a mixture is called an explosive mixture. When the mixture ignites, for instance by a
spark or a hot surface, a flame front will start propagating into the reactive mixture. The flame
propagates due to the transport of heat. Heat is produced in the combustion reaction in the flame front,
the flame sheet is transported into the unburned mixture ahead of the flame by molecular transport
processes such as conduction and diffusion of heat and species. In this way the mixture in front of the
reaction zone is heated up to ignition whereupon it starts to react.
The chemical reaction produces combustion products, which are of a high temperature. Because of the
temperature increase (more than 2000 K for HC(hydrogen-carbon)-air mixtures) on combustion, the
material expands strongly. The expansion generates a flow field in which the flame front is carried
along. Relative to the unburned mixture (which is almost always in motion by the expansion), the
flame front propagates at the laminar burning speed initially. When a flame propagates into a gas
mixture that is in turbulent motion, the flame sheet gets distorted. The vorticity of the turbulence
deforms the flame sheet and enlarges its reactive surface area thereby. Under the influence of intense
turbulence, a flame's burning velocity may increase up to many times the basic laminar burning
velocity. The basic mechanism of flame sheet propagation however, is still based on the transport of
heat and species and is called a deflagration.
A deflagration process intensifies if the flame propagation process can generate its own turbulence in
interaction with the boundary conditions for the flow field. For a tunnel tube the walls and the cars
will determine the turbulence conditions. The turbulence affects the flame front and increases its
burning speed. An increased burning speed intensifies the expansion flow and its turbulence level,
which subsequently increases the flame's burning speed again and so on and on. In this way the
geometrical boundary conditions trigger a feed-back coupling in the flame propagation process. The
feed-back coupling continuously intensifies the flame propagation process both in speed and pressure
(Shchelkin effect).
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The Shchelkin effect - The feed back coupling in the process of flame propagation
through the boundary conditions

In empty tubes of sufficient length (many tens of tube diameters), flame propagation in HC-air
mixtures may develop a propagation velocity of many hundreds of meters per second and an
overpressure of many bars. When the chemical reaction intensifies, the pressure at the reaction front
increases to levels of self-ignition, a deflagration process may suddenly change its propagation mode
fundamentally and transition to detonation is at hand.
A deflagration is driven by subsonic combustion and propagates by heat transfer, as described above.
Note that the deflagration mechanism covers a wide range of gas explosions and the amplitude of the
explosion load can ranges from 10 kPa – 800 kPa for HC- air mixtures. When the gas explosion
intensifies to pressures in the order of 800 kPa the deflagration –detonation transition (DDT) may
occur.
In a detonation the flame propagates by a strong shock wave. The shock wave compresses the reactive
mixture far beyond its auto-ignition temperature whereupon a combustion reaction wave couples to
the shock wave. The energy released by the combustion maintains the shock wave while the shock
wave triggers the combustion reaction. A detonation is supersonic and for HC-air mixtures explosion
loads are in the order of 1500-2000 kPa.
Model description
From the description of the gas explosion mechanisms the parameters relevant for gas explosions in
tunnels emerge. The release rate of the gas, the duration of the flow combined with the geometry, the
dimensions and the ventilation will determine the dispersion of the gas, the concentration and the size
of the gas cloud as a function of time. The cars, the obstacles will affect the flow field and the
generated turbulence. Based on reactive gas dynamics and computational fluid dynamics (CFD) the
gas explosion mechanism can be modeled taking all conditions into account. Theoretically this should
be feasible, but covering all phenomena at all relevant length scales (10-4 -101) is still not possible for
practical applications. TNO developed her own CFD, gas explosion code to study the phenomena.
Based on the knowledge and experience gained simplified, engineering models were developed for
tunnel conditions. In the next sections the basic elements of the gas explosion model are described,
starting with a summary of the relation between the cloud length with a stoichiometric concentration
and the overpressure. Next the dispersion of released gas and the concentration distribution in the gas
cloud is addressed. By relating the cloud length with concentrations within the explosive limits to the
overpressures for the stoichiometric clouds, the explosion loads for different gas explosion scenarios
can be estimated.
Pressure loads
As mentioned in the mechanism description, pressure loads are related to flammable cloud lengths. In
[6] Van den Berg, Rhijnsburger and Weerheijm compiled guidelines for the explosion load as a
function of the cloud length with a stoichiometric concentration. The guidelines have been drawn up
by exercising a highly simplified model for the gas dynamics of a gas explosion in a tube, starting
from the following assumptions:
• Simulation of flame propagation in a tube by propagating a heat addition wave over a onedimensional numerical row of cells
• A stoichiometric composition all over the cloud length
• No mixing of the cloud edge with surrounding material in the expansion flow ahead of the flame
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The flame speed development in a tunnel with a standing traffic jam was based on small-scale
experimental data [7], scaled up to full scale following Karlovitz number similarity [8].

•

For the current paper we consider scenarios in which the explosive mixture ignites as soon as it meets
a stationary ignition source somewhere. The explosion overpressures compiled for edge-ignition are
applied. The maximum pressure loads dependent on cloud lengths have been tabulated in Table 4.
Note, that for cloud lengths larger than 50 m the explosion pressure load rapidly increases up to
800 kPa and the deflagration to detonation transition might occur.
Table 4 Explosion pressure load dependent on explosive cloud lengths [2]
explosive cloud
length (m)
2
4
6
8
10
20
30
40

explosion
pressure load
(kPa)
13
32
47
65
83
190
340
500

explosion
pressure
impulse (kPa.s)
1.9
4.9
7.1
9.4
11.5
21.2
28.8
36.3

relative rise
time β#
1
0.6
0.5
0.5
0.4
0.2
0.1
0.1

# β is the ratio of the pressure rise time and the positive phase duration of the explosion pressure

Dispersion
Figure 5 simply demonstrates the phenomenology of shear dispersion in a channel.

Figure 5

Phenomenology of shear dispersion in a channel

The upper part of Figure 5 shows a puff of material dispersing in a homogeneous flow field by
turbulent or molecular diffusivity. The lower part of Figure 5 shows the same puff of material, now
dispersing in a flow field characterized by a flow velocity distribution. It shows how the concentration
distribution deforms in the shear flow and diffuses at the same time. The convective transport by the
velocity distribution generates concentration differences over the channel's cross-section. At the same
time the cross-sectional concentration differences are being smoothed by lateral diffusive transport.
The interaction of the velocity distribution and lateral diffusive transport in a tube makes the
dispersion process in longitudinal direction much faster than through diffusive transport in lengthwise
direction alone. A long distance downwind of the source, the concentration differences over the tube's
cross-section are becoming smaller and smaller. The concentration distribution far downwind may
therefore be considered approximately one-dimensional. Experimental observations by Taylor [11]
have shown that far downwind of the source the cross-sectionally averaged concentration is normally
distributed in lengthwise direction approximately. This observation and the dispersion modeling of
Taylor has been applied in the TNO model to determine the concentration distribution of the gas as a
function of time, distance to the release point for instantaneous release of gas as well as for different
release rates. See [1] for detailed description of the model.
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Figure 6

(Left) Consecutive concentration distributions downwind of an instantaneous release of
500 m3 gas in a long tunnel tube (logarithmic downwind coordinate);(middle)
Concentration distribution downwind of a release of 500 m3 propane after 100 s and 500
s, showing how the flammable part of the cloud develops from two separated areas on
either side of the cloud to one single area (right)

Figure 6 shows how the concentration distribution in a cloud of 500 m3 LPG has developed at 10, 20,
50, 100, 200, 500, 1000, 2000 and 5000 s respectively after release. It shows how the concentration
gradually falls relative to the flammability region of propane in air. Initially, two areas of a flammable
composition on either side of the cloud are separated by an area of a composition too rich to be able to
propagate a flame. Subsequently, when the maximum concentration falls down the upper
flammability limit, there is one continuous area of a flammable composition. This has been
demonstrated in Figure 6 (middle and right), which show the downwind concentration distributions at
100 s and 500 s after the instantaneous release respectively.
So far vessel rupture and instantaneous release were considered. When the gas is released from a
continuous leak, the steady downwind concentration in steady flow in a tunnel tube can be
approximately related to source strengths through:

C=

Q
× 100%
ρ .U . At

where: C = steady downwind concentration (m3.m-3); Q = leak rate (kg.s-1); ρ = propane vapour
density (1.9 kg.m-3); U = ventilation wind speed (m.s-1) and At = tunnel cross-sectional area (m2)
Referring to the explosion mechanism and the importance of the length of the explosive gas cloud, it
is interesting to see at what release and tunnel conditions long explosive clouds can occur enabling the
deflagration-detonation transition.
For the reference tunnel geometry (cross section of 72 m2), leak rates between 4.1 and 9.6 kg.s-1 in a
1 m.s-1 ventilation wind speed, downwind clouds have an explosive composition over almost their
entire lengths. For leak rates lower than 4.1 kg/s, the entire downwind concentration is too lean to be
explosive. For leak rates higher than 9.6 kg/s, the steady downwind concentration is too rich to be
explosive. Only at the head of the cloud an area develops where the concentration rises from zero up
to the steady value and inevitably passes the explosive region. The length of the explosive area grows
with the downwind distance to the source. The modeling details are given in [1]. The length of the
cloud of explosive composition, with a propane concentration of 3 – 7mass %, at the head of the
cloud depend on the downwind distance and are given for a range of leak rates in Figure 7. This
modelling exercise shows that for tunnels of no more than 1500 m length for instance, explosive
clouds of substantial lengths start to develop only for leak rates lower than 15 kg.s-1. It is interesting to
note that in hazardous materials safety considerations common leak sizes of ∅5 and ∅10 cm are often
considered. These leak diameters correspond to leak rates of 33 and 131 kg.s-1 respectively.
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Figure 7

Downwind explosive cloud length development for various leak rates in a tunnel of
5×14.4 m2 cross-sectional area and a 1 m/s ventilation wind speed. The dashed lines are
numerical fit curves [1].

Application gas explosion model and proposed design loads
Using the TNO gas explosion models the explosion load can be estimated for all kind of accident
scenario’s. Tunnel dimensions, ventilation conditions can be combined with the accident conditions to
define the gas release conditions. Because there is no standard, a representative accident scenario has
been defined for risk assessment or tunnel design and TNO evaluated various scenario’s and proposed
design loads, in analogue with the bursting vessel scenarios.
Two gas explosion scenarios are considered. The first scenario (3a) is a complete rupture of the an
LPG-vessel followed an instantaneous release of the flash fraction of the full quantity of LPG. The
second scenario (3b) is a continuous release of propane gas due to a leak of limited size, see also
Table 1. The theory of shear dispersion in a long tube has shown that down wind gas dispersion is
maximum for lower wind speed. Therefore, a minimum ventilation wind speed of 1 m.s-1 has been
applied.
For instantaneous releases of various strengths, the cloud lengths of a composition between the
explosive limits are given in Table 5. The figures show that at the head and the tail of the cloud, the
lengths of explosive composition grow with increasing down wind distance. The figures show that if
the quantity of gas released is not too small and the tunnel tube length is not too long, the cloud length
of explosive composition remains limited. More specific: if the release is larger than 1000 m3 gas,
which corresponds with the flash fraction of 7.6 m3 LPG approximately, and the tunnel tube is no
longer than 1500 m, the cloud length of explosive composition will be no longer that about 40 m.
Table 5

Explosive cloud lengths for instantaneous releases of various strengths at various
distances downwind (ventilation wind speed = 1 m/s)

X(m)
50
100
200
500
1000
2000
5000
10000
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500 m3
2×4
2×6
2×10
2×20
2×44
112
60
0

explosive cloud length (m) between (3% - 7%)
1000 m3
2000 m3
5000 m3
2×3
2×3
2×3
2×5
2×5
2×5
2×8
2×8
2×7
2×14
2×12
2×11
2×23
2×18
2×16
2×39
2×28
2×22
214
2×53
2×39
222
2×96
2×60
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The rise of an explosive cloud longer than 40 meters is only possible on the other hand, if the spilled
quantity of LPG is smaller than about 7.6 m3 and/or the tunnel tube is longer than 1500 m. If one
assumes that LPG-road tankers are not or seldomly operated partly filled, the rise of an explosive
cloud longer than 40 meters can be considered to have a low probability. Therefore the proposed
design load is based on an explosive gas cloud of 40 m and given in Table 6.
Table 6

Scenario 3a, design pressure load corresponding to a gas explosion scenario following
an instantaneous release of more than 7.6 m3 LPG in a tunnel no longer than 1500 m
Cloud length (m)
Explosion peak
Explosion Impulse
pressure (kPa)
(kPa.s)
40
500
35

For the scenario 3b, an accident resulting in a continuous gas release, no design loads are proposed
yet. But, for a given size of a leak and the tunnel ventilation rate, the length of the explosive gas cloud
can be determined and the explosion strength can be determined using the given model.
It should be noted however that the Taylor dispersion theory, by which explosive cloud lengths have
been calculated in this chapter, is based on the dispersion of material of neutral density in a long
empty tube of circular cross-sectional area. A representative hazardous materials incident scenario
substantially deviates from that. A representative hazardous materials incident scenario concerns the
dispersion of a propane vapour that is substantially more dense than air in a tunnel tube full of a
standing traffic jam whose cross-sectional area substantially deviates from circular. Before any far
reaching conclusions are drawn from the theoretical considerations in this report therefore,
experimental validation under more realistic conditions is highly recommended.
Application gas explosion model and Eurocode guidelines
In the Eurocode EN 1997-1-7 [9] explosions in tunnels are mentioned and for gas explosions the load
profiles are given in Annex D.3 both for deflagration as well as detonation. However, for the
deflagration scenarios only one profile is given representing an explosion of minor strength. Referring
to presented knowledge and modeling results, it has to be concluded that the given load profiles in the
Eurocode for gas explosions in tunnels are not representative and therefore not suitable for risk
analysis or tunnel design for gas explosions related to the transport of dangerous goods.
To illustrate this statement and limitations of the Eurocode guidelines, the gas explosion models were
used to determine the LPG scenario conditions that result in peak pressures and impulse values
according the Eurocode. The qualitative difference in pressure profiles is illustrated in Figure 8.
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Pressure profile deflagration Eurocode (left) and example TNO model (right)

The amplitude of 100 kPa and the impulse of 6.7 kN/m2.s given by the Eurocode correspond to cloud
length in the order of 10 m. These short explosive clouds are formed in all release scenario’s. So the
Eurocode provides a lower limit for the deflagration scenarios but is not representative.
For the detonation scenario more specific conditions are required and we have to distinguish
instantaneous and continuous release. For instantaneous release only at the front of the cloud
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concentrations within the explosion limits can occur. The length of the explosive cloud stretches along
the tunnel. Therefore the occurrence probability of a detonation scenario depends on the amount of
gas released and the tunnel length. For a tunnel of 1000 m a detonation can only occur for
instantaneous release of 200 m3 – 500 m3 gas which corresponds to 0.7 – 1.8 m3 gas liquid (an almost
empty tank). For the leakage scenario the gas release rate and the ventilation speed must be “tuned” to
realize the gas concentration within the explosion limits. These limits are: 8 kg/s < Q < 22 kg/s for
ventilation rate of 2 m/s and 21 kg/s < Q < 52 kg/s for ventilation rate of 5 m/s.

The presented data show that the quantitative explosion profiles given in the Eurocode are not suitable
for risk assessment or tunnel design in case of gas explosion scenarios. Note that the other explosion
mechanisms of BLEVE or bursting vessels are not mentioned at all.
The models developed by TNO have the features required to quantify the explosion load for all
accident and release scenario’s. The application for quantitative risk analyses is discussed in the next
section.
EXPLOSION MODELS AND RISK ANALYSES
The probability of an accident leading to an explosion has to be determined and combined with the
consequences of the explosion to perform risk analysis. The probability issue is beyond the scope of
this paper, but the required explosion conditions for the various explosion types can help to quantify
the probability. The presented gas-explosion models for deflagration and detonation for example
showed that the moderate deflagration, as given in the Eurocode [9], will occur for any accident
scenario when a reactive propane gas is released and ignited. On the other hand, for the detonation
scenario very specific gas release conditions are required and the probability that these are fulfilled is
small. In the risk assessment the low probability has to be combined with the high consequences of
the severe explosion load. The presented models are of major importance to relate the explosion load
levels, and so the consequences, to the scenario conditions and implicitly to the probability.
The explosion load is the input for the consequence models for the tunnel response, the tunnel users,
the adjacent buildings but also for the external safety in the areas at the tunnel exits. To illustrate the
latter the BLEVE and gas explosion models were applied to quantify the zones of possible blast
injuries and also window failure in the areas around the tunnel exits [10]. Lethality models and
models for window failure were combined with the predicted blast wave in the tunnel which forms a
jet at the exit and generates an expanding blast wave. Results for a BLEVE are given in Figure 9. The
top-left picture gives the pressure iso-contours. At the exit the over pressure is about 100 kPa. A jet is
formed at the exit in line with the tunnel axis. The blast expands in lateral direction and the pressure
drops. Coupling to the blast -lethality models show that casualties due to direct blast will only occur
near the tunnel exit (see Figure 9 bottom left). For people in buildings the main threat is from window
failure.. Up to a lateral distance of 100 m, and 200 m axial distance, the window failure is fatal. Only
at lateral distances of 150-200 m the probability is reduced to 5-10%.

Figure 9

60

BLEVE road tunnel, isobars at the tunnel exit (left) and the lethality probability (right).

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

CONCLUDING REMARKS
A growing transport of hazardous materials through traffic tunnels increasingly necessitates adequate
risk assessment. Fire and explosion of flammables are major threats to consider. Although an
explosion has a low probability of occurrence, its consequences may be disastrous, possibly leading to
many casualties and complete demolition of the structure. Quantitative risk assessment (QRA)
requires understanding of the phenomena and quantitative modelling of their effects, so the accident
conditions can be related the explosion mechanisms and the explosion strength.
This paper describes the accident and explosion scenarios for the transport of a reactive, pressurized
gas. LPG has been chosen as representative gas and applied in the explosion models. In an accident
the pressure vessel only a leak may develop. . Dependent on the ratio between the LPG leak rate and
the ventilation wind speed, a flammable cloud may develop downwind. Ignition leads to a gas
explosion whose strength and power are largely dependent on the length of the flammable cloud. If
the flammable cloud is sufficiently long, a gas deflagration may develop a detonation. The dispersion
model enables to derive an indicative relation between the accident (gas release) conditions and the
probability of the development of a flammable cloud of a certain length and thus the explosion
strength. Besides the possibility of a leak, the pressure vessel may also rupture completely. If the
vessel is almost empty, the expanding vapour fraction determines the blast effects. If the vessel is
almost full, explosive evaporation of its liquid (BLEVE) is the consequence.
The paper summarises quantitative modelling of all these phenomena, leading to quantitative
estimates of possible pressure loads of the tunnel structure. It shows that the Eurocode is far from
realistic and therefore not applicable for quantitative risk assessment. The accident, explosion
conditions that may lead to a detonation, appear to be very specific and the probability of a detonation
is very low. On the other hand, the conditions for a deflagration leading to explosion overpressures in
the order of 100 kPa, are easily met and have a relative high probability. Deflagrations may also lead
to much stronger explosions (up to 800 kPa) but then the conditions are more restricted leading to a
lower probability.
The bursting vessel scenarios, without ignition, lead to high explosion loads in the zone around the
bursting vessel, but after a couple of meters the generated blast is redirected along the tunnel axis and
the blast load is reduced to about 100 kPa (for LPG).
The paper illustrates how existing knowledge on explosions can support and enable QRA for tunnels.
The knowledge can also be used in tunnel design and requirements to withstand a certain scope of
accident scenarios. An update of the Eurocode concerning the tunnel explosion part is recommended.
The presented models are simplified, conservative engineering models. International collaboration is
recommended for model validation.
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ABSTRACT
Evacuation systems can potentially improve evacuation conditions significantly in underground
transportation systems, i.e., tunnels and underground stations, but previous accidents and research
suggest that existing systems are not always appropriately designed. If a system is poorly designed,
people can easily miss it or interpret it in an inappropriate way. In the paper, a methodology for the
design of evacuation systems for underground transportation systems is presented. This methodology
can help designers to develop better evacuation systems for tunnels.
KEYWORD: Evacuation, notification, way-finding, Theory of Affordances, evacuation system,
design.
INTRODUCTION
Fires in underground transportation systems, e.g., tunnels and underground stations, can undoubtedly
lead to catastrophic consequences in terms of loss of human life. This is clearly illustrated by
numerous previous accidents in road tunnels [1,2], rail tunnels [3,4], and underground stations [5,6],
which have all resulted in mass casualties. The main factor contributing to the severity of fires is the
enclosed nature of the underground environment, which allows smoke to quickly accumulate and
create challenging evacuation conditions. In order to survive these severe conditions, people need
appropriate help and guidance. This aid can potentially be provided by evacuation systems, i.e.,
systems that directly facilitate escape by aiding way-finding or decision making [7].
Evacuation systems can improve the possibilities for safe evacuation by speeding up the evacuation
process. This may be achieved by providing tunnel users with information, which will help them to
make the decision to evacuation before the situation becomes dangerous. Previous research has shown
that people do not usually respond directly when they receive the first fire cue, but instead tend to
misinterpret the situation or look for additional information [8]. In road tunnels, people sometimes
stay in their vehicle in spite of relatively severe fire conditions, which has resulted in people dying
inside their vehicle [1]. This tendency might be explained by the fact that people do not want to leave
their property, i.e., their vehicle, unless they are sure that it is in fact a real emergency. It has also
been argued that people prefer to stay in their familiar vehicle instead of venturing out into an
unfamiliar tunnel environment [9]. In rail tunnels and underground stations, it can also take quite a
long time before people decide to evacuate. This trend is partly explained by the tendency of people to
maintain their ordinary roles in case of an emergency [10], which might make train passengers
surprisingly passive. These obstacles for swift evacuation can potentially be overcome if people are
given sufficient information, which can be delivered using different kinds of evacuation systems, e.g.,
fire alarm or traffic information signs (TIS).
Evacuation systems can also improve evacuation conditions by guiding people through complex
environments to a safe location. Underground transportation systems are often relatively complex, and
people are seldom familiar with the environment. One example is underground stations, which might
have been built in stages and include a multitude of possible connections between train lines. These
types of environments can sometimes be difficult to navigate during everyday use, which might make
it close to impossible to find the way to safety in case of a stressful emergency. A possible way to
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facilitate way-finding in complex underground transportation systems is to use evacuation systems,
e.g., way-finding systems. One system that has been suggested for tunnels consists of green flashing
lights at emergency exits [7]. In addition, acoustic systems have been shown to be very effective at
directing people to safety in smoke filled tunnels [11].
A trend in recent years is to build transportation systems that are increasingly complex, which might
further increase the need for evacuation systems. One example is the Slussen project in Stockholm,
Sweden [12]. This project involves the construction of an underground bus terminal that will be
connected to an underground commuter train stations and a metro station. In addition, an adjacent
shopping centre will be constructed. This means that people will be able to move between different
types of facilities without going outside, but in an emergency it might be necessary to keep people
from entering fire affected areas. For example, if people are used to entering the bus terminal from the
metro station, it might be difficult to influence them not to do so in an emergency. One potential way
to achieve this is to use advanced evacuation systems that can change depending on the exact fire
scenario, i.e., dynamic evacuation systems.
Design of evacuation systems for tunnels is not as simple as it might seem, and there are numerous
examples of situations where inappropriate systems have been installed in tunnels. If an evacuation
system is poorly designed, people can easily miss it or interpret it in a non-intended way. One
example of this is illustrated by the fire incident in the Södra länken road tunnel in Stockholm,
Sweden, on 16 June, 2008, when a truck caught fire inside the tunnel [13]. Once the fire was detected
the evacuation alarm was activated, which included traffic information signs with the text “evacuate
tunnel”. It was intended that the motorists should exit their vehicle and evacuate on foot, but some
motorists instead drove out from the tunnel though the dense smoke. This example shows that the
designer had failed to consider the perspective of the motorists sitting in their vehicles. From their
perspective, it made sense to continue driving to evacuate the tunnel.
Another example of a potentially problematic evacuation system is the proposed design of emergency
exit portals according to the Swedish recommendations for rail tunnels [14]. According to the
recommendations, emergency exit portals should be equipped with (1) a lit emergency exit sign above
the door, (2) an emergency exit sign on the door, (3) green lamps on each side of the door close to the
tunnel floor, and (4) white lamps on each side of the door at a maximum height of one meter. In
addition, the portal should be strongly illuminated by an external light source. A version of the
recommended design was tested in experiments in a smoke filled rail tunnel in the Swedish METRO
project [11], see figure 1. The experiments revealed that the main interpretation of the portal when
seen through dense smoke was an oncoming train. This interpretation is considered unfortunate
because the exit portal should be used in rail tunnels and the association to an oncoming train might
scare people.

Figure 1. One of the exit designs tested in the smoke-filled tunnel [11]
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As illustrated by the two examples above, inappropriate design can easily be introduced in spite of the
best intention of the designer or regulator. It is therefore important to conduct a thorough evaluation
of evacuation systems before they are installed in underground tunnel systems or specified in
recommendations. This evaluation should involve careful consideration of different possible designs
and testing of system performance in real world (or close to real world) settings, e.g., in realistic
tunnel environments. This type of work should ideally follow a systematic methodology to ensure that
design errors are avoided.
Even if an evacuation system is developed using a systematic methodology, it is important to consider
the context for which the system has been evaluated. The exit portal design example above showed
that one interpretation was an oncoming train, but the same association is certainly not valid for road
tunnels. The interpretation in road tunnels might instead be an oncoming truck, or something
completely different that an external observer is not able to foresee. Similarly, a common
interpretation in one part of the world is likely not as common in another part of the world. Research
has shown that cultural differences influence how people behave and interpret a fire emergency
situation in different countries [15]. Care must therefore always be taking when recommending
specific evacuation systems for tunnels to make sure that the systems are used in relevant contexts.
Underground transportation systems can be challenging evacuation environments, and it is therefore
often necessary to install evacuation systems. It is argued that the design of these systems is, however,
not self-evident and that design errors can easily be introduced. The aim of the present paper is
therefore to present a methodology for the design of evacuation systems in underground transportation
systems. This methodology can be used to derive suitable system designs for specific contexts, e.g.,
for a tunnel type in a specific region of the world, or for individual tunnel projects.
A FRAMEWORK FOR FIRST CUT SELECTION
The design of evacuation systems for underground transportation systems usually starts with a
specific evacuation problem that the designer would like to solve. One example of a problem could be
the reluctance of motorists to leave their vehicle and evacuate in road tunnels, which has led to people
dying in their vehicles in previous accidents [1]. In this case, the designer might want to develop an
evacuation system influencing motorists in road tunnels to quickly leave their vehicle and initiate
evacuation.
The designer usually also has a concept idea of how the identified problem might be solved. For the
road tunnel example, the designer might believe that traffic information signs (TIS) could do the trick.
At this point, however, there are still numerous parameters that can be changed and that can
potentially influence the effectiveness of the evacuation system. Examples of questions that might
arise are; What information should be displayed on the TIS? Should text, pictograms, or a
combination of text and pictograms be used? Should flashing lights be used? etc
In the next stage of the process, the designer should examine the literature or tunnel projects to find
out if similar evacuation systems have been evaluated for comparable contexts in the past. Based on
this review, the designer (or team of designers) can engage in a brainstorming exercise to derive a
large set of potential evacuation systems, considering any restrictions in relation to underground
tunnel system, e.g., restricted size of TISs due to the height of the road tunnel. It is usually unfeasible
to test every single evacuation system, and the designer therefore needs a framework for a first cut
selection of evacuation systems for further testing.
A useful framework that can be used to make a first cut selection is the Theory of Affordances. The
theory, which was originally developed by Gibson [16], is based on the idea that every object is
perceived in relation to what it offers or affords the individual. An affordance is hence what the object
offers the individual in relation to his or her goal.
In order to enable the analysis of the affordances provided by an evacuation system, it is useful to
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divide affordances into different categories. One possible division has been proposed by Hartson [17]
who suggests that affordances be divided into the following four categories:
1)
2)
3)
4)

Sensory affordance: sensing or seeing
Cognitive affordance: understanding
Physical affordance: physically doing or using
Functional affordance: fulfilment of an individual’s goal

By systematically exploring the sensory, cognitive, physical and functional affordances provided by
an evacuation system, it should be possible to identify conflicts and inappropriate design. Hence, the
theory can be used to analyse a large set of possible evacuation system designs in order to select the
most suitable systems for further analysis. However, this type of first cut selection requires in-depth
understanding of the different types of affordances. The following sections therefore provide
explanations of the four categories of affordances in relation to evacuation systems.
Sensory affordance
In order for an evacuation system to work as intended it must first be sensed, e.g., seen or heard, by
the individual. This means that a design must provide sufficient sensory affordances to catch people’s
attention and be noticed. In addition, it must be possible to make out the details of the system, e.g., a
written text message displayed on a TIS should be legible and a voice alarm should be intelligible.
Previous research has shown that the contrast between the system and its surrounding influences
sensory affordance. For example, if an emergency exit is the same colour or pattern as the walls it can
easily be missed [18]. Similarly, a fire alarm with the same frequency as the background noise might
not stick out, which suggests that a wide frequency range is appropriate to overcome a multitude of
possible background noises [19]. Another way of increasing the attention capturing ability is to
introduce an alternating pattern, e.g., flashing lights for visual systems [7] or pulsating sound for
acoustic systems [19]. However, this still requires that the background does not alternate according to
a similar pattern, and it is hence another way of providing contrast.
If an evacuation system is meant to convey complex information, it is particularly important that the
details of the system can be easily discerned. For example, text provided by a visual evacuation
system must be sufficiently large [20]. Similarly, it must be possible to make out the details of a prerecorded evacuation message, which has been shown to be quite difficult in road tunnels due to the
challenging acoustic environment [21].
Cognitive affordance
Cognitive affordances support the understanding of the evacuation system. This understanding is
essential for the performance because inappropriate interpretations can lead to confusion and nonoptimal behaviour. It is therefore essential to ensure that evacuation systems are understood as
intended, which can be achieved by a well-considered design.
In order to achieve appropriate cognitive affordances, i.e., to ensure that an evacuation system is
interpreted as intended, it is useful to build on people’s previous experiences and preferences. For
example, the colour green can be used to signal safety or go, as these are the typical associations with
green [22]. The colour red, on the other hand, can be used to keep people away because red is often
associated with danger or stop [22]. Similarly, it might be possible to use pictograms with wellestablished meaning to convey specific messages.
The cognitive affordances provided by a specific design can also be influenced by the context, i.e., the
nature of the situation or culture. This is exemplified by the misinterpretation in the Södra länken
accident mentioned previously [13]. This example shows that the message was interpreted differently
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than the designers had intended. It is therefore important to consider the context of the situation and to
provide clear information that is not easily misinterpreted.
Physical affordance
Physical affordance supports the user physically doing something, such as opening a door. This type
of affordance is therefore mainly applicable for evacuation systems that are physically used during
evacuation. Examples include opening devices for doors [23] or buttons for initiating two-way
communication. In order for these types of systems to work, it is imperative that people can easily use
them and the design should ideally support this use by being simple to operate. For some evacuation
systems it is therefore important to focus also on physical affordance.
Functional affordance
Functional affordance helps the user to achieve the desired goal and can be seen as the final outcome
of the combination of sensory, cognitive and physical affordances. In the road tunnel example, the
goal that is reinforced by the evacuation system, i.e., the TIS, should be the goal to quickly leave the
vehicle and initiate evacuation, i.e., to evacuate the tunnel safely. If the TIS is easy to notice
(sensory), easy to read/see (sensory) and easy to understand (cognitive) it should also provide
appropriate functional affordance. For systems that are physically used, e.g., emergency exit
doors/portals, it is also relevant to include physical affordance when estimating the functional
affordance.
Ranking of evacuation systems
The Theory of Affordances can be used to distil a manageable set of evacuation systems for further
testing from the larger set of systems derived during the brainstorming exercise. This is done by first
examining the sensory, cognitive and physical affordances for each evacuation system. One way of
doing this is to list the factors influencing the different types of affordances, indicating if the factor
has a positive (+) or negative (-) contribution. The listing of factors can be done in relation to a baseline design in order to make identification of factors easier. A hypothetical example of identified
factors influencing sensory and cognitive affordance for three different evacuation systems (TIS
designs) is shown in Table 1. Figure 2 shows the three evaluated designs and the base-line case is
indicated in the figure.

Figure 2. The three evaluated designs.
Table 1. Factors contributing to increased (+) or decreased (-) sensory and cognitive affordance
Design number
1
2
3

Sensory affordance
(base-line)
+ Flashing lights - easier to notice
+ Larger size - easier to notice
+ Colourful pictogram - easier to notice

Cognitive affordance
(base-line)
+ Flashing light - signal urgency
– Unfamiliar pictogram - unclear meaning

In the next stage of the selection process, the identified factors are translated into quantitative values
for the sensory, cognitive and physical affordances for each of the evaluated evacuation systems. One
way of doing this is to simply count the number of positive (+) and negative (-) factors, which can
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provide a good indication of the magnitude (low-medium-high) for the three types of affordances.
Finally, an estimate of the functional affordance should be made for each system. This estimate can be
done by weighing the contributions of the respective affordances, but a more robust solution is
arguably to simply take the lowest value. Table 2 shows a qualitative evaluation of the designs in
Figure 2. In the table, the physical affordances have not been graded as the evaluated system is not
physically used. As can be seen in Table 2, Design 2 is estimated to perform best, i.e., has the highest
value for functional affordance.
Table 2. Evaluation of tested designs according to the Theory of Affordance
Design number
1
2
3

Sensory
medium
high
high

Affordances
Cognitive
Physical
medium
n/a
high
n/a
low
n/a

Functional
medium
high
low

The method presented above, which is also described in more detail by Ronchi and Nilsson [24], is
one possible way to do a first cut selection of evacuation systems for further testing. The selection can
potentially be done in other ways, but the important thing is to systematically examine different types
of affordances in order to identify which systems that have the greatest potential. These systems can
then be studied more closely in order to arrive at a final design.
A RESEARCH STRATEGY FOR SYSTEM REFINEMENT
The Theory of Affordances can undoubtedly be a helpful tool for the first cut selection, because it
helps to identify inappropriate system designs. It is argued, however, that it is not precise enough to
derive a final system design. Instead, it might be necessary to apply a research strategy based on
experiments. One such research strategy is shown in figure 3.

Figure 3. A proposed research strategy
According to the proposed strategy, evacuation systems should be developed according to the threestep process [7]. The process begins with testing of the reduced set of evacuation systems from the
first cut selection described above. In the subsequent sections, the proposed research strategy is
described briefly and some illustrating examples are provided. More detailed information about the
strategy is provided in other sources [7,25]
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The research strategy relies heavily on experiments and three different types of experiments are
recommended, namely hypothetical scenario experiments, laboratory experiments and field
experiments. Hypothetical scenario experiments involve participants making predictions about
phenomena, e.g., their behaviour or attitude, based on a hypothetical scenario. These types of
experiments are generally simple to perform, but are mainly valid for relative comparisons between
system designs. Laboratory experiments are performed in controlled laboratory environments and
involve participants physically acting in response to an evacuation system. Because participants need
to be recruited for the experiment the situation will always be somewhat artificial. Finally, field
experiments are performed in field environments, e.g., tunnel environments, that the participants
encounter or could encounter during everyday routines. The main benefit of field experiments is that
they are performed in realistic environments and with representative participants.
Step 1 – Identify problem
In Step 1 (Identify problem), laboratory experiments or hypothetical scenario experiments are
performed with a reduced set of evacuation systems from the first cut selection process described
above. Laboratory experiments and hypothetical scenario experiments are considered the most
appropriate because they provide a great deal of control over experimental conditions. This means that
aspects of interest can be isolated and examined separately by eliminating many confounding
variables that are present in field settings. The experiments of Step 1 can therefore show which of the
tested systems that has the greatest potential and therefore should be further refined in the next step.
In additional, the experiments of Step 1 can reveal the important design problems that need to be
examined further for this selected evacuation system.
One method that is currently being developed at Lund University by Ronchi and Nilsson [24,26] is
based on pairwise comparisons between evacuation system designs using hypothetical scenario
experiments. The experiments are performed in classroom environments where a group of participants
sit in front of two screens. A hypothetical scenario is then described and the participants are told to try
to imagine the scenario. They are then asked to look at the evacuation systems displayed on the two
screens, namely one on the left screen (A) and one on the right screen (B), as they fill out a
questionnaire. An example of the images that could be displayed on the screens if the previously
mentioned TIS designs were to be evaluated are shown in figure 4.

Figure 4. Examples of images that could be displayed on the left (A) and right (B) screen
for the evaluation of TIS designs
The questionnaire that is used in the experiments is based on the Theory of Affordances. In the
questionnaire, participants are asked to provide their estimate of which of the two systems (A or B)
that is best at, for example, catching their attention (sensory) or conveying the message (cognitive).
They are also asked to make an overall estimation of which system that would be best for the given
scenario. The participants are also asked to explain their choices using their own words.
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It is argued that the method presented above can be a very robust and cost-effective way to derive a
system design that should be examined more closely in Step 2 of the proposed research strategy. Also,
the open questions in the questionnaire helps the designer to understand the design problems that still
remain for the selected design. For example, a study of TIS designs might reveal that the best system
is the one with text and flashing lights, but some people might express that the flashing signals
danger. If so, it might be relevant to study the characteristics of the flashing, such as the colour,
intensity or flashing rate, in the next step.
Step 2 – Solve problem
In the second step (Solve problem), the design problems associated with the selected designs from
Step 1 should be examined further. A comparative approach is recommended, i.e., performing
experiments where different designs of a system are compared with each other. This could involve
participants looking at a display of different evacuation systems and grading them in relation to each
other. Even the method described in Step 1 could potentially be used for pairwise comparison.
Hypothetical scenario experiments and laboratory experiments are both considered appropriate in
Step 2 because they give the researcher control over the experimental conditions. It is therefore
possible to isolate a specific design feature of one specific evacuation system design, e.g., the colour,
intensity or flashing rate of flashing lights for a TIS. The comparisons performed in Step 2 will hence
help to refine the selected design into a final evacuation system for field-testing in Step 3.
Step 3 – Test system
In the final step (Test system), the most appropriate design from Step 2 is field-tested. This step is
essential because it guarantees that the final system will work as intended. It is necessary to use field
experiments because the conditions must be realistic. If possible, it is recommended that the
experiments are unannounced to create a situation that is similar to a real fire emergency. Also, it is
important that experiments are performed in the type of environment where the system will be used,
e.g., in a real tunnel.
One example of an experiment that was performed to field-test different system designs is the
experiment in the Göta tunnel in Gothenburg, Sweden [21]. In the experiment, the partially informed
participants drove into the Göta tunnel where they were stopped by a simulated accident, i.e., cars and
smoke. The evacuation alarm, which included a fire alarm, TISs at ceiling level and flashing lights at
emergency exits, was started after approximately 2.5 minutes. The experiment was filmed to allow
subsequent analysis of people’s behaviour. Participants also filled out a questionnaire after the
experiment and took part in interviews. The interviews were performed both with individuals and
groups. Based on the observations, questionnaires and interviews, it could be concluded whether or
not the tested evacuation systems were appropriate. For example, it was revealed that the TISs in the
tunnel, see figure 5, was a valuable source of information during evacuation.

Figure 5. The traffic information sings (TIS) used in the Göta tunnel experiment
Step 3 can reveal additional design problems, i.e., problems that have not been discovered in previous
steps. The three-step process can then be repeated in order to resolve these new problems, which
corresponds to the iterative loop from Step 3 to Step 1 in figure 3. This iterative process will
eventually generate an evacuation system that is effective and works as intended.
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CONCLUSIONS
A fire in an underground transportation system, e.g., a tunnel or an underground station, can quickly
result in challenging evacuation conditions due to dense smoke and toxic gases. Also, the underground environment itself can be quite complex, and people usually take a long time before they
begin to evacuate. Introducing evacuation systems is one way to address these issues, but many
examples have illustrated that existing systems have not necessary been appropriately designed. A
possible explanation is that systems are often designed using an ad-hoc approach, which means that
design errors are easily introduced when new systems are developed. However, this can be avoided if
a robust and coherent methodology for the design of evacuation systems is applied, and one possible
methodology is presented in the present paper. The methodology uses a framework, i.e., the Theory of
Affordances, for a first cut selection of systems for further testing. These systems are then
systematically tested according to a proposed research strategy until a well-working evacuation
system is derived. It is argued that the methodology, if applied by designers, can contribute to the
development of better evacuation systems for tunnels in the future.
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INTRODUCTION
Requirements for implementation of fixed fire fighting systems (FFFS) in road tunnels usually include
a full-scale test or series of tests to be performed. This requirement originated in the conflict between
the two types of droplet sizes proposed for these systems and their diverse history of application.
Standard drop spray water application rates have traditionally been determined by prescriptive
methods where an occupancy hazard is selected, a design area determined and a design application
rate read from a chart. Palenske (1) tells how these charts, were originally developed based on
experience with building fires that have been successfully mitigated. Based on this scenario, it would
be expected that the bias would be towards more water than necessary for fire control. Analysis of the
energy balance of water interacting with fire supports this observation.
Mist system water application rates have developed later and more often to protect special situations,
such as shipboard engine rooms. Standards for mist systems have developed on the basis of
performance testing for water application rates and their use is generally permitted up to the extent of
the test limits. Because these systems are performance-tested, it would be expected that the water
application rate would be much closer to that necessary for fire control. This has been shown to be
the case. Mist systems are often promoted as using less water than standard drop systems. It is
important to know the comparison is one of prescriptive requirements vs. actual performance testing.
Many road tunnels are in remote areas without a municipal supply. Water usage is especially
important in these situations.
Tunnel FFFS have been a relatively recent development, particularly in Europe, and there has been a
lack of knowledge about how these systems would behave with the very different conditions in road
tunnels than buildings. Therefore, full-scale testing was a reasonable requirement to address this
uncertainty.
Recent experience has shown tunnel FFFS to provide significant benefit in reducing fire damage.
Many new tunnels are requiring them on this basis alone. However the bias and requirement for fullscale testing still exists and may be creating an unnecessary obstacle to their effective implementation.
Computer modelling is another alternative to full-scale testing. Its use has been well-accepted
particularly in fluid mechanics and heat transfer, but combustion and the interaction of water
introduces a complexity in energy exchanges that made its acceptance for this use problematic. That
perception should be re-examined for a number of reasons:
• Fundamental energy analysis can be used to estimate water application rates.
• Subroutines that model the key elements of solid and liquid vaporization have been written.
• Subroutines that model the key elements of combustion energy have been written.
It should be emphasized that the detail processes that occur in combustion are still an active area of
fire research. However, the energy balances that occur can be modelled with sufficient accuracy to
provide a level of confidence of how water interacts with fire.
PHYSICS OF WATER/FIRE INTERACTION
Fire point theory as first described by Rasbash (2) relates the effectiveness of the suppression agent,
water, to fundamental fire properties. This model is based on the interaction between the heat
required to vaporize a solid or liquid fuel and the effect that water has on the prevention of this
vaporization. This interaction is illustrated in Figure 1. It is important to note that a solid or liquid
fuel itself will not burn. A fuel will burn only after it is converted to a gaseous state by vaporization,
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which requires energy. A heat source (q”) is required to vaporize the fuel. This heat source may
either be radiated from the flame itself or radiated from an external source, such as an object burning
nearby. The rate of conversion from solid or liquid to gas is the mass loss rate of the fuel (m”). The
magnitude of the heat required to
vaporize the fuel is ΔHg. The heat
that is generated by the burning of
the fuel source (ΔHT) times the
total amount of fuel gives the
fire’s total energy potential.

Figure 1. Dynamics of Fire and Extinguishment

The primary way in which applied
water suppresses a fire is by
cooling, which occurs when a
portion of the fire’s energy is used
to evaporate the water instead of
vaporizing the fuel. Cooling a fire
by applying water causes the mass

loss rate of the fuel to be reduced below a critical value, preventing vaporization of the fuel.This
cooling occurs at the solid/gas interface. The measure of water’s potential to suppress a fire is its heat
of gasification (ΔHw). The minimum rate of water application to extinguish a fire per unit area is
known as the critical water application rate or critical application density (m”w,ex).
Generally speaking, the amount of water required to extinguish a fire (m”w,ex) depends on the net heat
flux on the fuel surface, which is the combination of:
• The amount of radiation emitted by nearby burning objects, plus
• The amount of radiation emitted by the flame itself.
Solving for the water application rate, m”w, gives Equation 1.

m"w =

Φ∆H T m"cr −q"r −m"cr ∆H g
q"e
+
ε w∆H w + δ w
ε w ∆H w + δ w

(1)

noting that at flame extinction m” = m”cr, the critical fuel mass loss rate, q”e is the heat flux at flame
extinction, and Φ is the maximum fraction of combustion energy flame reactions may lose to the
surface by convection without flame extinction, described as the kinetic parameter.
The heat fluxes are external (q”e), reradiated from the fuel surface (q”r), and that removed from the
surface or flame (by an extinguishing agent) as the flame extinction condition is reached. When water
is the extinguishing agent, then the heat flux removed from the surface of a burning material by water
evaporation, εw is the product of water application efficiency and ΔHw the heat of gasification of water
(2.58 kJ/g). In addition, δw is the energy associated with the blockage of the flame heat flux and fuel
vaporization at the surface per unit mass of fuel vaporized.
The first term on the right is the external heat flux component and the second term is the critical water
application rate for flame extinction, which is related to the fundamental fire properties of the
material. In contrast to the second term, the first can be considered to account for general fire effects
such as shape and arrangement of materials. It is not dependent on the particular materials used.
Table 1 reflects the input values and results for polystyrene, commonly used in foam cups, insulation
and packing materials as an example, showing the relative importance of the two terms. Water
application efficiency was assumed at 100 per cent with no puddling. The asymptotic flame heat flux
or maximum potential flame heat flux of polystyrene is used as the external heat flux. The case with
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no external heat flux essentially represents the process at flame extinction.
Table 1. Effect of External Heat Flux on Water Application Rate (εw = 100%)
Polystyrene q"e
εw
ΔHw δw m"cr Φ
ΔHT
ΔHg
q"r
kW/
kJ/g
g/m2 g/m2- kJ/g
kJ/g
kW/
m2
-sec sec
m2
w/o ext. flux 0
1.0 2.59 0.0 4.00 0.21
39.2
1.70
13.0
w/ext. flux
75
1.0 2.59 0.0 4.00 0.21
39.2
1.70
13.0

m"w,ex
(g/m2-s)

m"w,ex
(gpm/ft2)

5.07
34.03

0.007
0.050

Table 1 shows that the external heat flux is clearly the more significant factor in determining the
critical water application rate required for flame extinctions. This means that the water application
rate can be based on external heat flux rather than be dependent on specific fuel properties. This
suggests computational modelling can be used to compare the effectiveness of water application rates
for solid-fuel types of fires, provided it makes an accurate representation of the items affecting
external heat flux (convection, radiation, surface cooling, water evaporation, etc).
PYROLYSIS
Torero (3) describes how the heating of a solid fuel will lead to flaming ignition. Simplifications are
used to make formulations more manageable. One category of simplifications is that when the
required precision does not warrant the inclusion of higher levels of complexity. The danger of
oversimplification is addressed. However the context of road tunnel fires is that the fuel package is
not known, thus any analysis must take this uncertainty into account.
It is important here to separate the situations. Each fuel and its arrangement will produce a unique fire
that is impossible to replicate. Figure 2 from the LTA tests (4) compares two identical test
configurations. Note the difference in fire heat release rates before suppression was activated (box)
and that time of gas temperature initiating the suppression delay was different (arrows).

Figure 2. Comparison of two identical fire test set-ups.
Tests of various fuels and arrangements have shown that as a group, fires tend to produce heat release
rate profiles of a similar shape and that the processes producing these profiles are very similar. These
processes are based on heat vaporizing the fuel. While fire modeling for road tunnels has traditionally
defined the fire as an input curve, it can be defined instead as a fuel vaporization model. The
advantage of this is that the heat energy removed by water vaporization can now be accounted for
directly in the process. In addition, the measured heat flux at surfaces can be used as a determinant in
whether or not the surface will vaporize, leading to combustion.
Hirschler (5) describes in detail the complex processes involved with thermal decomposition of
polymers. These processes all involve applications of heat and flame to the solid, resulting in both
physical change and eventually gasification of the fuel. While individual material processes are
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unique and complex, information is also available that allows estimates of material flammability to be
made.
COMPUTER MODELING
Fire Dynamics Simulator (FDS) is well-known software for fire modelling. In addition to fluid
dynamic and heat transfer modeling, FDS also includes routines for handling fuel vaporization, water
vaporization and combustion simulation. These allow for the creation of a fire model based on fuel
properties and heat transfer to the fuel surfaces, the critical components of fire development. They
also allow for water vaporization, which removes heat, preventing fuel vaporization, the key factor in
water’s ability to mitigate fire growth. If fuel and oxygen are present in sufficient quantities and heat
is available, FDS treats this as fire. While it is a simplification of the process, it is not a simplification
of the result. These same routines are also available in other software packages, such as CFX.
Pyrolysis Model
Fuel can be defined in terms of a heat of combustion, reactions, products, and reaction rates. Selected
material properties can be determined from literature or testing. It should be rememberd that the
primary objective is to generate sufficient power from the fire to simulate the design scenario. For
most tests, wood and plastic have been used as common sample fuels. This generated power is no
different than that generated from user-specified curves, but now it is generated by the fuel properties
itself and its ability to vaporize based on the available heat flux.
The net heat flux is the element that accomplishes
this fuel vaporization. Figure 3 shows the
components of the net heat flux, two elements from
a flame, radiative and convective as well as external
flux minus the reradiated component. This occurs
because the fuel surface is hotter than the
surrounding surfaces. Quintere (6) Table 2
shows common heat flux levels.
Figure 3. Flaming Radiative Heat Flux
Table 2. Common Heat Flux Levels
Source
Irradiance of sun on the earth’s surface
Minimum for pain to skin (relatively short exposure)
Minimum for burn injury (relatively short exposure)
Usually necessary to ignite thin items
Usually necessary to ignite common furnishings
Surface heating by a small laminar flame
Surface heating by a turbulent wall flame
ISO 9705 room-corner test burner to wall 100 kw
ISO 9705 room-corner test burner to wall 300 kw
Within a fully-involved room fire (800-1000 C)
Within a large pool fire (800-1200 C)

Figure 4. Non-flaming Radiative Heat Flux
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kW/m2
≤1
~1
~4
≥10
≥20
50-70
20-40
40-60
60-80
75-150
75-267

Figure 4 shows the situation
before flaming occurs, leaving
only two components, the
external flux and reradiated
component. This suggests that so
long as the reradiated component
is less than the extermal, then
there will be no net flux for fuel
vaporization. Tewarson (7) in
Table 3 shows reradiated heat
flux levels of various materials.
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Table 3. Reradiated heat flux of various materials
Material
kW/m2
Hydrocarbons
Natural (filter paper, wood)
PVC
Polyethylene
Polypropylene
Nylon
Polycarbonate
Polystyrene foams
Teflon
Fiberglass

<3
10
10
10-15
15
15
11-16
10-13
37-48
10-20

Boiling Model
The vaporization model for liquids (boiling) is more implicit as the process is better understood for
common liquids such as water. In fact this model is often used in gas and surface cooling simulations,
so is well-known and accepted by users. By using the vaporization process to remove energy that
would otherwise go to fuel vaporization, the water/fire interaction as described in Figure 1 is now
being more accurately modelled. This demonstrates that both vaporization processes, fuel and water
are modelled in FDS.
COMPUTER VALIDATION
Typically, validation involves comparing model results with experimental measurement. Differences
that cannot be explained in terms of numerical errors in the model or uncertainty in the measurements
are attributed to the assumptions and simpliﬁcations of the physical model. This has been FDS biggest
challenge. Two bodies of work stand out in this regard. Trelles and Mawhinney (8) modelled the
A86 fire tests and Varri et al (9) modelled the Runehamar fire. Both of these involved mist sytems.
While both of these efforts demonstrated reasonable correlation with test results, both also relied on
user input of fire heat release rate parameters. Neither demonstrated how the water spray could
control vaporization and the resulting fire heat release rate.
Fire Tests
In March of 2012, LTA of Singapore conducted a series of tests in the A86 Tunnel in Spain using
standard drop spray nozzles (4). These tests were performed with various standard drop nozzle
configurations and water application rates. Three in particular were of interest for validation
purposes. These are described in Table 4.
Table 4. Description of LTA Fire Tests
LTA
Water Application Activation
Test No. Rate (mm/min)
Time after 60 C
1
12
4 min
2
8
4 min
7
0
none

Peak FHRR
(MW)
37.7
44.1
150

Target
Ignited?
No
Unknown
Yes

Max Target Heat
Flux (kw/m2)
2
Unknown
225

Computer Models
Computer models were developed that mirrored three of the tests, unsuppressed, 12 mm/min and 8
mm/min water application rates. No other water application rates were tested. The unsuppressed one
was developed first. Lemaire (10) reported the fuel as a pallet mix of 80% wood and 20% plastic.
These were assumed to be volumetric quantities. The model quantities and reported test values are
tabulated and summarized in Table 5. The grid size was chosen as a cube with lengths of 0.125 m, a
value that has shown to give reasonable results in other simulations.
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Table 5. Tabulation and comparison of fuel quantities.
Model Values
Wood
Plastic
3
Volume (m )/%
7.6/82
1.7/18
Mass (kg)/%
3,410/67
1,711/33
Energy (GJ)/%
58.0/61
37.6/39
Total inc. Target (GJ)

Total
9.3
5,121
95.6
117

Test Values
80/20
5,000
99.2

The properties of each fuel are given in Table 6, along with source references. The DF notation refers
to the specific properties of Douglas Fir, thought to be the most likely wood used in pallets. The
heating rate used is the FDS default.
Table 6. Fuel Properties
(11)
Property

Wood

Specific
Heat
Thermal
Conductivity

~1.5
-2.0
0.12

2.57.4
.192.08

(12)
DF
2.24.0
.23.80

Density

600

354753

455502

16003500
17000

16002900

Heating
Rate
Heat of
Reaction
Heat of
Combustion

(12)

(13)

300550

(16)

Value
Used
2.2
0.23
450
5
1600
17000

Specific
Heat
Thermal
Conductivity

1.41.5
.17.19

Density

1150
1190

Heating
Rate
Heat of
Reaction
Heat of
Combustion

Table 7. Fuel property comparison
Property
Units
Melvin (17)
Specific Heat
kJ/kgK
1
Thermal
W/mK
0.05
Conductivity
Density
kg/m3
300
Heat of Reaction
kJ/kg
2500
Heat of Combustion kJ/kg
22000

(15)

1.22.0

Plastic
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(14)

.922.3

1.4
0.17
5703900

1000
5

8006400
14000
47000

Wood
2.2
.23

Plastic
1.4
.17

450
1600
17000

1000
1500
22000

1500
22000

Table 7 compares these
selected fuel properties with
those of Melvin (17) who
performed a similar analysis.
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Results
The results of the free-burnimg test show reasonable correlation for the heat release rate and gauge
heat flux as indicated in Figure 5. The modelled peak heat release rate is slightly higher than the test.
The growth rate is slightly faster than the test. The extreme decay period is not considered significant
because the major effects of the fire have passed. The modelled gauge heat flux is considerably more
aggressive than that measured. While there are peaks that are higher and lower than that measured,
the overall magnitude reasonably tracks that of the fire and can be used for design purposes. The net
heat flux was not measured. As expected, it is considerably lower because of the surface reference
temperature. Net heat flux is the parameter used to determine if fuel vaporization can occur and with
it resulting target ignition. Heat release rate can be used as an indicator of the fire power and net heat
flux is an indicator of whether or not target vehicles will ignite. In both cases, the target ignited.

Figure 5. Comparison of model and test results for unsuppressed fire.

Figure 6. Comparison of model and test results for 12 mm/min. suppressed fire.
The test results for the 12 mm/min suppressed fire as shown in Figure 6, do not compare well at all.
The model heat release rate was considerably higher as was the target gauge flux. The net heat flux
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was much closer to the gauge flux. In the model, like the test, insufficient fuel vaporization occurred.
Even though the fluxes were high, the water vaporized instead of the fuel.

Peak FHRR (MW)

Peak Net Heat Flux kW/m2

The test in fact showed a very surprising result. When one looks at Table 2. Common Heat Flux
Levels, the gauge heat flux is less than that obtained outdoors on a sunny day. One has to ask if that
seems reasonable, given that the fire’s radiative and convective power is being seen by the target.
One possible explanation is given by
120
45
Arvidson (18) in a calorimeter test. In
one
shielded fire test, there was a leak
40
100
that resulted in significantly better
35
control. Given that this was a fairly
large shield and it was operating under
80
30
some extreme temperature conditions,
FHRR
25
what if some leakage occurred?
60
Additonal simulations were run
20
comparing heat release rates and heat
15
40
fluxes for 1 to 12 mm/min water
Heat flux
application rates from two leaks
10
20
modelled as sprinklers under the shield.
5
The results are shown in Figure 7.
While model results are still higher, the
0
0
peak heat flux significantly decreases to
0
2
4
6
8
10
12
about 8 mm/min with minimal change
Water Application Rate (mm/min)
after that.
Figure 7. Peak heat flux and FHRR for various leakage rates.
Finally, gas temperatures were compared in Figure 8. For the unsuppressed fire, the model shows
reasonable correlation with the test. For the suppressed fire, the model gas temperatures are lower
than tested. However, both model and test showed temperatures too high for tenable conditions and
low enough not to be a concern with structural integrity. Peak emperatures in the leakage simulations
ranged between 153° and 244°C. This range is consistent with being too high for tenable conditions
and low enough not to be a concern with structural integrity.

Figure 8. Comparison of model and test results for unsuppressed and 12 mm/min. suppressed fire.
DISCUSSION
Water as a suppression agent acts by preventing fuel vaporization, thus preventing these fuel vapors
from mixing with oxygen and combusting. How effective is a water spray at doing this? For nonflaming fuel sources, i.e. target fuel piles that could be ignited by an incident, the energy equation can
be modified from Equation 1 by considering only the external heat flux. This becomes Equation 2.
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m"w =

q"e
ε w∆H w + δ w

(2)

Setting δw equal to 0, εw equal to 1and solving for q"e as a function of m"w,ex gives the calculated
water-vaporized heat flux results shown in Figure 9. The modeled heat flux results are shown for
comparison. The two lines intersect near 2 mm/min. Modeling showed that the 2 mm/min water
spray was insufficient to prevent target ignition, while the 4 mm/min spray was. It should be
emphasized that all of these heat fluxes were significantly greater than the tested results, but the
desired result of no target ignition still
occurred.

Figure 9. Vaporized water heat flux

It should be remembered that the purpose of
this work is to develop a spray system that
meets a particular objective. Fire point theory
shows that heat flux is the key parameter for
predicting water effectiveness and that
understanding this allows for better predicting
water spray performance. In the case of
comparison with the LTA tests, this exercise
showed reasonably good correlation with the
unsuppressed test for heat flux, and FHRR
profile as well as gas temperatures. In the case
of the suppressed test, the model showed
higher values than the test, but still showed
that spread to the target fuel pile was
prevented.

CONCLUSION
Full-scale testing of fire suppression systems is expensive. Computer modeling provides a more costeffective means of demonstrating proposed system performance. Fire modeling in the tunnel industry
has traditionally used defined fire heat release rate profiles, primarily as input for tunnel ventilation
requirements. Fire modeling for suppression needs to describe the fuel vaporization process more
accurately so the real impact of water application to the fire can be determined. The fuel vaporization
process is well-defined in fire science and the computer models can be set up to utilize this approach.
Some significant differences in modeling are required for this approach. The fuel properties and
structure must be explicitly defined. Comparison with a test is beneficial to calibrate the model. For
this reason, the LTA tests are a significant milestone in that they provide a benchmark to compare
model results. Their contribution to the knowledge of the industry is extremely important.
While tests have tended to have a higer credibility than modeling, there are significant insights that
modeling can provide. Modeling of the unsuppressed fire in particular can produce results very close
to that shown in testing. Modeling of fire suppression can provide results that give a reasonable
degree of confidence of what can be expected of the system.
While full-scale testing may have been necessary when the uncertainties of water interaction with
vehicle fires was high, there is now a much greater confidence because of both testing and experience
with real fires. Computer modeling can be used to model the interaction of water and fire for design
purposes, making individual full-scale testing unnecessary and making FFFS more likely to be
implemented in road tunnels.
Pyrolysis-based input rather than fire heat release rate input should be used to more accurately model
the effects of water and fire interaction. This approach is well-recognized in fire science.
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ABSTRACT
This paper presents the main results of the large scale Fixed Fire Fighting System (FFFS) tests that
were carried out in the Runehamar tunnel in September 2013. The paper describes the background
and the performance of the system in the large scale fire tests, and draws necessary conclusions. The
system is found to perform in accordance to the given protection goals.
KEYWORD: large scale fire tests, heat release rate, temperature, FFFS, water spray, nozzle
INTRODUCTION
The Swedish Transport Administration (STA) plans to construct a new highway connection through
the western part of Stockholm called the Stockholm bypass, due for completion in 2025. A large part
of the road system will pass through tunnels. In one direction there will be just over 18 km of the total
of 21 km of the motorway link that are in tunnels and in total, including ramps, about 50 km of
tunnels. It is very important that adequate fire protection is in place in the tunnels since the Stockholm
bypass will be a critical transportation infrastructure for the region and any disturbance in the traffic
flow has the potential to cause major problems in the future. The project forecasts for 2035 show that
up to 140 000 vehicles may use the Stockholm bypass every day. This traffic density indicates that
there is risk of congestion in the tunnels, leading to a heightened risk of fire. Therefore, the STA has
decided to test a new safety concept using sprinkler technology with large droplet side-wall sprinkler
nozzles mounted in the ceiling.
The concept was developed by the STA together with the fire consultancy company Brandskyddslaget
AB and in collaboration with SP. The system consists of a pipe positioned in the middle of the tunnel
ceiling, with a pair of nozzles every five meters that spray water horizontally in two directions. Each
nozzle throws out as much water as a firefighter with a traditional firefighting hose. The uniqueness of
the system is its simplicity and the fact that large droplets are thrown towards each tunnel wall; in
addition to this, the water supply for the fire brigade will be integrated into the water supply system
for the FFFS. The combination of the hydrant system for fire fighting and the FFFS is not unique as
this has been applied in Australia, but it was found to be very cost saving and fits this system very
well. The FFFS is a simple and robust low pressure deluge system and according to STA the
investment and maintenance costs are estimated to be approximately fifty percent of a traditional
deluge system. The main goal of the system is to limit fire size and prevent fire spread during the time
of evacuation in congested traffic situations.
The purpose of the large scale tests in the Runehamar tunnel was two-fold:
1) to investigate how the activation time of the FFFS system affects their efficiency in attacking
a fire in a truck trailer loaded with wood pallets; and
2) to determine the longest activation time that would be able to keep the fire under control.
There are many parameters that can affect the outcome. This includes water density in mm/min,
droplet size, activation time, longitudinal ventilation velocity, fuel configuration and fuel size.
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Modern design fires for ventilation systems are often set to 100 MW, but if an FFFS is installed this
can potentially be reduced to 50 MW, depending on the system used and the fire scenario. This lower
heat release rate in turn affects the design of the ventilation system, making it perhaps possible to
work with a smaller fan capacity, which affects the total investment cost. This was also one of the
reasons why the STA was interested in exploring the effect of the system on the fire size. Another
consequence is that the gas temperature in the ceiling near the fire may be reduced from 1300oC to
lower than 800oC, which requires less protection for the tunnel structure. The authors want to
emphasise that in order to fully realise the benefit of a lower design fire in a tunnel with a FFFS, the
reliability of the systems has to be addressed first.
Prior to the large scale tests in the Runehamar tunnel, some preparatory tests were carried out to
determine the spray pattern, droplet distribution and throwing length in the fire laboratory at SP.
These tests were necessary as input to the planning of the large scale tests. One issue in the planning
related to the fact that the Runehamar tunnel is only 9 m wide, whereas the Stockholm bypass tunnel
will be on average 15 m wide. Ultimately it was determined that only one side of the system would be
tested, i.e. the main pipe was mounted close to a side wall of the tunnel instead of the center with one
nozzle directed towards the fuel that was placed in the center of the tunnel. This was a reasonable
choice as the system was designed to be symmetrical and the tunnel contains several lanes implying
that a real fire would be expected towards one side of the tunnel. This resulted in a lower total
required amount of water for the tests (50 % relative to a real situation); however, there was a need to
further reduce the water use in the tests as the water tank in the test tunnel did not have sufficient
capacity for the test duration at full delivery rate. Therefore, it was decided to reduce the total length
of the operating zone from 50 m to 30 m with a corresponding reduction in the water flow rate
requirement. In order to investigate the influence of these deviations, the system was first tested in a
model scale tunnel, at 1:4 scale [1]. In the 1:4 scale tests it was possible to study the influence of these
changes. It was found that these changes lead to conservative results. The nozzles themselves were
scaled by scanning the original sized nozzle and using a 3D printer technique to “print” a 1:4 scale
version of the nozzle in steel.
STA decided to test the performance towards a potential 100 MW fire using wood pallets as fire load.
The tests were performed in the Runehamar tunnel which is situated about 5 km from Åndalsnes in
Norway. It is a two-way asphalted road tunnel that was taken out of use in the late 1980s. It is
approximately 1600 m long, 6 m high and 9 m wide with a cross-section of about 47 m2. The tunnel
has an average uphill slope of 0.5 % up to about 500 m from the east portal (where the fans are
located) to the west portal, followed by a 200 m long plateau and then a 900 m long downhill section
with an average slope of 1 % towards the west portal. The fire was located 600 m from the east
portal, i.e. on the plateau section of the tunnel. The tunnel is protected with shotcrete in the test
location.
The technology for FFFS is a key feature to the safety of modern STA urban road tunnels. Therefore,
it was very important that the function were properly verified through large-scale testing. Detailed
information about the test-setup and the main test results are presented in the following sections.
LARGE SCALE EXPERIMENTS
Description of the water spray system
In its final design for the Stockholm bypass the FFFS will consists of a single 150 mm diameter pipe
in the centreline of the tunnel ceiling, fitted with two extended coverage nozzles (K factor of 360
l/min/bar1/2) directed horizontally towards each of the tunnel walls. The nozzle pairs are mounted
every five meters and spray 375 l/min water horizontally in two directions, in total 750 l/min. The
nozzles will be placed in a T-pipe down from the centre pipe with the nozzles pointing out towards
the tunnel walls. Since this is a sidewall system, throwing the droplets horizontally and using
gravitational forces, it will cover the entire cross-section. This means that the entire cross-section of
15 – 18 m wide tunnel will be covered with only one pipe. Each deluge section will be 50 m long and
is designed to deliver 10 mm/min without use of any additives to the water. The total water flow for
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each deluge section is 7500 l/min. The FFFS is combined with the fire hydrant system, reducing the
required number of water mains in the tunnel to only one. Thermoplastic-coated steel pipes and clamp
couplings instead of welded stainless steel pipes are used. The system can be manually operated from
the traffic control centre based on detection by CCTV, or from the tunnel escape routes where the
deluge valves are located. The system also starts automatically if the automatic fire detection system
detects fire (type of technology still to be decided). The sprinkler pipes are self-draining due to the
risk of freezing. In winter the outside temperature is expected to drop below -20°C.
As the pipe was placed on one side in the large scale tests, see figure 1, only the nozzles discharging
water towards the tunnel centre were used. The water density in this area was the same as if the pipe
was located in the center. As the pipe was shortened to 30 m, this reduced the total water flow from
7500 l/min to 2250 l/min as the water requirement in order to deliver 10 mm/min at the 30 m section
was 2250 l/min. A 600 m long ground pipe with a diameter of 140 mm (inside diameter of 127 mm)
delivered the water from the water tank to the 30 m long deluge system in the ceiling. The ground
pipe was connected with the ceiling pipe as shown in figure 1. The water tank had a capacity of 230
m3, which was enough to maintain at least 90 min delivery of water.

Figure 1 The test-setup and the water spray system after activation of the system.
The nozzles used in the tests are manufactured by TYCO and are designated as TN (Tunnel Nozzle)25, see figure 2. Prior to the given notation by Tyco it was called T-Rex and was originally designed
by Brandskyddslaget AB. A 1.1 bar water pressure at a nozzle with K-360 (l/min/bar1/2) yields a
water flow rate of 375 l/min. The coverage area was 37.5 m2, which corresponds to water density of
10 mm/min.

Figur 2 Nozzle TN-25 from Tyco used in the test. A total of six nozzles were used in the tests.
Fire source
The fire source comprised of 420 wooden pallets placed in the center of the tunnel, 600 m from the
west portal. A target consisting of a pile of 21 wood pallets was positioned 5 m from the rear end of
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the fuel mock-up. This type of test fuel mock-up is often used to simulate the pay load of a Heavy
Goods Vehicle (HGV) trailer. The target is used to evaluate the risk for fire spread. The moisture
content in the wood pallets varied between 15 – 20%. At the time of testing, due to environmental
requirements for the Runehamar tunnel, use of additional plastic pallets was not possible. The model
scale study (1:4) showed that 420 wood pallets (1:1) would produce a peak heat release rate of about
100 MW [1].
The wood pallets were placed on light-weight concrete slabs (Siporex) and 12 mm thick plywood
boards were mounted on the top of the slabs. Ten pairs of piles each with 2 x 21 pallets were placed
on the slabs, as shown in figure 3. In order to maintain correct distance between the height of the
sprinkler nozzles and the top of the fuel load, the concrete platform was 0.2 m in height. The
measurements of the pallets are 0.8 x 1.2 m, i.e. the width of the fuel load was 2.4 m. Each wood
pallet weighed about 24 kg and was about 0,143 m thick. The total length of the fuel load was just
over 8.0 m. The total height of the fuel load was about 3 m. In total the fuel load weighed just over ten
tons. This means that the potential energy content is approximately 180 GJ. The target consists of 21
pallets, giving an additional energy of approximately 9 GJ (in total 189 GJ).

3.85 m

0.012 m
0.2 m

3.03 m

8.4 m

Figure 3 A side view of the fuel load which consisted of 420 standard EUR wood pallets. A steel
frame to support steel sheets at the ends and the top was mounted to cover the wood pallets.
The fire source was covered with steel plates on both the front and back, and above the pallets. This
arrangement makes it difficult for water to penetrate directly into the pallets, which increases the
severity of the test by reducing the ability of the system to fight the fire from the top. A schematic
drawing of the system is shown to the left in figure 4 as well as a photo of the front end. Tarpaulin
was only used in one test (test 4). This was not thought to be an important parameter, and it saved a
lot of work by excluding the tarpaulin. The pallets were ignited just behind the front plate at the
lowest pallet lever. The ignition source consisted of two rectangular heptane pools with geometries of
0.2 m×0.8 m which were placed on the bottom and at the front of the wood pallet piles. Each pan was
filled with 2.5 litre heptane. Together they produced a total heat release rate of approximately 500
kW.
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Figure 4 Steel plates on both the front and back, and above the pallets.
The mock-up set-up
The set-up of the mock-up in relation to the nozzles was planned to be in accordance to the model
scale tests carried out earlier [1]. The vertical distance between the nozzles and the top of the wood
pallets was 0.8 m. The horizontal distance from the wall to the wood pallets was 2.4 m, see figure 5,
whereas the horizontal distance between the nozzles and the vertical side of the wood pallets was 2 m.
In the model scale tests this distance corresponded to 1.6 m. This was due to practical reasons, e.g.
enough space for forklifts etc.

Pipe

3.85 m

3m

2.4 m

Figure 5

2.4 m

4.65 m

0.8 m

Nozzle

2m

Cross-section of the test setup used in the large scale tests.

Instrumentation
The gas temperatures, gas concentrations, visibility, water flow rate and water pressure, were all
registered every second. The heat release rate in MW was determined by measuring the gas and air
flows about 1000 m from the fire, station marked as pile A at x=1000 m. In total, 17 thermocouples,
6 bi-directional pressure probes, 3 gas analyses (O2, CO2 and CO), 1 plate thermometer (PT), 2
photo/cell, 1 water pressure and 1 water flow gauge were used in these tests. Location of each
instrument is given in figure 6. All ceiling thermocouples (type K, 0.5 mm) are placed 0.4 m below
the ceiling, except at Pile A. One PT was placed at x=9 m, 2 m above ground level. One of the two
photo/cell visibility instruments is placed at the measurement station (x=1000 m) and another one is
placed at x= 50 m downstream. The smoke density was presented as a reduction (%) of transparency
over a given length (0.4 m) and was measured 1.5 m above ground. Note that the interval between
each nozzle pair is 5 m and between the end nozzles is 25 m, corresponding to a water spray coverage
length of 30 m (2.5 m for each end nozzle). The bi-directional probe and the thermocouple upstream
at x=-50 m is placed at the centre of the tunnel cross-section, see Figure 6.
Corrections for the transportation time were considered in the calculation of the heat release rate. The
calculation of the heat release rate was based on an oxygen calorimetry (O2, CO2 and CO) and the
same technique as used in reference [2] was applied.
Test procedure
To mimic a real detection situation, the detection temperature was set at 141oC (the first ceiling
thermocouple to measure 141oC was used) and a “delay” time from detection (alarm) to activation
was set in advance at two minutes for the initial test, with an additional time for each test until the
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system was no longer able to keep the fire under control. The additional delay times were 4 minutes
and 8 minutes, respectively, for the second and third tests. The idea behind this was to simulate
different manual operation times that the traffic control center needs in order to initialize the
activation. First they need a confirmation that there is a fire and then a confirmation of the location.
After that the system can be activated. By increasing this time continuously STA wanted to stress the
system in order to find where the limits are for control of the fire. The longitudinal ventilation rate
during all the tests was set at 3 m/s.
25 m
x=-10 m
T1

Longitudinal flow
B28

x=-4.5 m x=-1.5 m
T2

T3

x=0 m x=1.5 m x=4.5 m
T4

T5

T6

x=9 m

x=15 m

T7

T29

T8

x=25 m

X=1000 m

x=30 - 50 m

T9

P27

T10
T11

V26

V25

8.4 m

pile A
5m

T=thermocouple
B=bi-directional probe
P=plate thermometer
G=gas Analysis
V=Visibility

x=0 m

x

Plate thermometer

Figure 6

Gas analysis

Thermocouple tree
Pile A

5.0m

T15

3.9m

T16

B17

T13

2.8m

T14

0.6m

Visibility

1.7m

T12
bi-directional probe

thermcouple

5.6

x=-50 m

B19
B21

B18
B20

Bi-directional pressure
Pile A

G22
G23

receiver

emitter

G24

Gas analysis
Pile A

Visibility –
photo cell

The layout and identification of instruments in the series of tests (dimensions in m).

In addition to these three tests, a test in which a tarpaulin was placed on the long sides of the fire load
to simulate a covered cargo, and a test in which the front cover was removed so wind could help the
fire to spread forward in the pallet stacks, were conducted. In these tests the fire grew until a ceiling
gas temperature of 141°C was obtained. After that additional four minutes passed before the water
was turned on (activation). In the final test, the system was activated after 12 minutes, but due to the
technical failure in the main pipe the water was not delivered onto the fire source. The decision for an
detection temperature of 141oC is based on the results obtained in the model scale tests [1]. They
showed that the heat release rate obtained within these detection periods complied well with the levels
believed to be a challenge for the system. After detection and the predetermined delay time, the water
pump was put on 20 seconds prior to the expected delivery time at the nozzles 600 m from the water
tank. In table 1, the test sequence and parameters varied are given.
Table 1

Test series for the STA large scale tests in Runehamar tunnel in September 2013.

Test number

Detection conditions + delay time until activation

1

141°C ceiling temperature + 2 minutes

2

141°C ceiling temperature + 4 minutes

3

141°C ceiling temperature + 8 minutes

4

141°C ceiling temperature + 4 minutes (tarpaulin on both sides of fuel)

5

141°C ceiling temperature + 4 minutes (no front steel sheet)

6

141°C ceiling temperature + 12 minutes (due to failure in one of the bolt in a
coupling, very little water was delivered on the fire. Most of it bypassed the
fire as the main pipe was off just behind the fire source).

In the last test (test 6), the water supply was originally planned to activate 16 minutes after detection,
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but already after 12 minutes it was realized that the situation might be too challenging for the tunnel
structure. Therefore it was decided to activate the system after 12 minutes from detection.
Unfortunately, nearly no water reached the fire since a bolt in one of the couplings to the main supply
pipe in the ceiling broke due to the repeated mechanical loads and heating from the previous tests.
The same pipe and couplings had been used in all the tests. The nozzles themselves were not affected,
except one which had bent slightly due to the heat. The tunnel structure exhibited no damage despite
this high heat exposure. All the soot on the walls and ceiling from earlier tests had burned away,
leaving a large portion of white shotcrete closest to the fire place.
RESULTS
In figure 7 all the calculated heat release rates are shown. The expected 100 MW fire was not reached
in test 6 (not planned as a free burn test). The maximum heat release rate was 79 MW. The reason for
this is believed to be the influence of the moisture content in the wood pallets on the heat release rate.
Compared to the one in the model scale tests, which this estimation was based on, the moisture
content was approximately half the moisture content in the large scale wood pallets.
In the first three tests the delayed activation time was successively increased from 2 minutes to 4
minutes and finally up to 8 minutes. The heat release rate at activation, Qact, increased from 10 MW to
20 MW, but the system did not have any noticeable problem in controlling or suppressing the fire.
Here, control means to prevent the fire to develop further and maintain it at a relatively constant level
or reduce it slowly. Suppression means rapid reduction of the fire size until it becomes only small
flame volumes. The heat release rate was controlled after activation for a period of 10 – 20 minutes.
After that the fire was suppressed within a period of 10 - 30 minutes, which means that the system
prevented further fire spread inside the fuel. The first 3 – 4 pairs of piles were consumed or damaged
in the tests which mean that not more than one third of the wood pallets were consumed. In all the
three tests, a portion of wood pallets fell down in the area where the fire was most intense after about
18 – 28 minutes. This exposed the wood pallets, and probably made it easier for the system to finally
suppress the fire. Definitely the system prevented further fire spread within the fuel.
In test 4 with the tarpaulin the fire was controlled during a long period after activation at 16 MW.
During about one hour period the heat release rate varied from 5 to 10 MW. After 80 minutes the
system was shut off. The initial fire development was very slow due to the effects of the tarpaulin
(oxygen limitation in the vicinity of the ignition source). For a period of about 12 minutes, not much
happened, but suddenly a hole in the lower parts of the tarpaulin close to the ignition source was
observed and about one minute later new hole in the upper part were noticed. After this occurred the
fire development started to accelerate and some kind of chimney effects inside the fuel were created
resulting in a very specific spread deeply inside the fuel. At the time of activation of the system (+4
minutes) the tarpaulin had mostly fallen off, so it did not influence the performance of the system.
However, the initial conditions had influenced the fire spread in the middle of the fuel, explaining this
long period of relatively low heat release rate. The water did not really reach to this center of the fuel.
In the fifth test (+ 4 minutes), due to the rapid fire development enhanced by the longitudinal wind
velocity of 3 m/s, the activation heat release rate was relatively high, 28 MW. The system got the fire
directly under control. The heat release rate was kept at a level of 30 – 40 MW for about 20 minutes.
Shortly after that the fire was suppressed over the course of 20 minutes. Due to this relatively high
heat release rate for a period of 20 minutes many wood pallets were consumed, although not all of
them. In the last test principally all the wood pallets were consumed. Debris of coaled wood pallets
was found on the platform and the target had totally disappeared. One of the important criteria put by
STA was the heat release rate should not exceed 50 MW, after activation of the system. As can be
seen in figure 7, this criterion is met.
In figure 8 the gas temperatures at x=0 m is given for each test. The gas temperatures represent well
how the heat release rate develops. The cooling effects towards the ceiling are effective after
activation of the nozzles. The maximum gas temperatures at the ceiling were never higher than 400
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o

C to 800 oC after activation. The highest gas temperature was measured in test 6 at x=4.5 m, 1366oC,

Figure 7 The measured heat release rates for test 1-6.

Figure 8 The measured gas temperatures in the ceiling at x=0 m for test 1-6.
which corresponds well to the temperatures measured by Lönnermark and Ingason [3] in the
Runehamar tests in 2003. In table 2, a summary of the activation times are given. Other parameters
given are the heat release rate at activation, Qact, the highest ceiling temperature at activation, Tact, the
maximum heat release rate after the system has been activated, Qmax after act and the incident maximum
heat flux to the target, q′′. Followed by that there are three energy terms; Etot, Etot before act and Etot, after act
all given in GJ. These are integrated values from the heat release rate curves for different time
periods. The total energy content of the fire load can be estimated by multiplying the mass with the
theoretical heat of combustion for wood. There are 441 wood pallets, including the target, each having
a weight of about 24 kg. The theoretical heat of combustion for wood can be obtained from Tewarson
[4], or 17.9 MJ/kg. This means the total potential heat energy that could be released from this fuel
load is 189 GJ. This value corresponds well to the value given in table 2 for test 6. In the last column,
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a value is given for equivalent number of pallets that have been consumed. This value was obtained
by using Etot for each test and divides it with the heat of combustion and the weight of all the pallets.
This number does not necessarily comply exactly with the ocular inspections after the tests, but gives
a good indication of how many pallets were consumed. In tests 1 – 3, a very similar amount was
consumed, which indicate that the system is not sensitive to the activation time for the first +8 min of
the time delay. Actually, when inspecting the data it can be seen that slightly less total energy is
consumed as the delay time increases. Prior to activation the consumed energy increases as expected,
but after activation this energy tends to reduce slightly. Although the main mechanism of fire
suppression is the surface cooling, some secondary effects such as dilution increase the efficiency of
the system as the fuel gests more involved.
When physical barriers for the fuel are changed the results are influenced more dramatically. The
absence of the wind shield (front steel sheet) in test 5, is an excellent example of that. Despite the
dramatic change in the fire development, and 4 minutes delay, the system was able to get the fire
under control and finally suppressed it. Using tarpaulin had more effects than expected, especially the
initial fire development. It did not influence the outer wetting of the fuel but more how the fire spread
more deep inside the fuel. One of the important criteria of the performance of the system was to
prevent fire spread to an adjacent target (vehicle). The fire should not spread to a target 5 m from the
end of the main fuel arrangement and the heat flux towards the target should not exceed 20 kW/m2. In
table 2 it can be seen that the maximum heat flux at the target was far from this value. In test 6, this
value was exceeded and a maximum value of q′′= 39 kW/m2 was obtained. The value of q′′=20
kW/m2, was obtained after 28 minutes into the test, at a height 2 m above the road surface. Probably
the fire was ignited first at the top of the pile, and therefore most likely prior to this time.
In table 3 a summary of the maximum or minimum values for gas- and optical (visibility)
measurements are given. It is clear from the data that when water is applied it influences the smoke
production due to cooling of the surface. Also production of incomplete combustion products such as
CO is increased. The table shows that if the system activates late, an increase of toxic substances and
smoke is produced, but the impact of this effect is easily mitigated by activating the system early.
Further research is needed to investigate the implication of this observation in future testing.
Table 2 Summary of key heat energy parameters from the tests.
Test
Delay time tact
Qact
Tact Qmax
q′′
number after
after act
141oC in
ceiling
(min)
(min:sec) (MW) (oC) (MW) (kW/m2)
1
2
6:04
10.2
350
17.7
0.5
2
4
8:20
15.0
550
18.5
0.5
3
8
13:18
20.2
680
15.2
0.6
4
4
18:25
16.3
498
11.0
0.6
5
4
7:17
28.0
950
39.6
2.0
6
12
15:48
26.2
796
78.9
39

Etot

Etot,

Etot,

before

after act

act

(GJ) (GJ)
37.4
1.0
36.1
4.1
33.0
6.0
39.4
1.9
57.8
3.1
189.7 8.9

(GJ)
36.4
32
27
37.5
54.7
180.8

Equivalent
number of
pallets
consumed
89
85
78
93
137
441

Table 3 Maximum or minimum values for gas- and optical measurements. Ttrans is the transparency of
the laser beam.
Test number
Ttrans x=50 m
Ttrans x=1000 m O2 x=1000 m CO2 x=1000 m CO x=1000 m
(%)
(%)
(%)
(%)
(%)
1
40
20.2
0.65
0.144
2
81
49
20.2
0.63
0.128
3
89
39
20.0
0.83
0.152
4
79
37
20.1
0.71
0.110
5
42
7
18.6
2.35
0.350
6
91
90
17
4
0.039
91
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CONCLUSION
The heat release rate upon activation ranged from approximately 10 MW to 30 MW. The heat release
rate was controlled after activation for a period of 10 – 20 minutes. After that the fire was suppressed
over a period of 10 - 30 minutes, which means that the system prevented further fire spread inside the
fuel. The FFFS resulted in lower heat release rates than 50 MW in all five cases, which was one of the
original questions postulated by the STA. The maximum temperatures at the ceiling were never higher
than 400 oC to 800 oC after activation. In test 6 the maximum ceiling temperature was 1366 oC. In all
experiments the fire was controlled in the first period after activation and then suppressed with a
considerable amount of fuel still remaining. A pile of pallets stood 5 m from one end of the fire. It
was used to assess the risk of fire spread to adjacent vehicles. In all cases with FFFS operating, the
target was unaffected by the main fire.
The experiments show the importance of early activation of the FFFS. Despite this it was clear from
the experiments that the system has a sufficient safety margin to allow delayed response while
retaining the ability to fight the more severe fires produced by such a delay. The system was able to
prevent the spread of the fire beyond the main fire load, and was clearly able to lower the gas
temperatures in the tunnel. This has important implications for the design and safety of the
evacuation. The tests show that the design fire of 100 MW as originally planned can be reduced to
lower than 50 MW by the presence of a FFFS, which translates into huge savings in investment costs
for the ventilation system. The experiments show that if the system activates late, an increase of toxic
substances and smoke is produced, but the impact of this effect is easily mitigated by activating the
system early. Further research is needed to investigate the implication of this observation in future
testing.
The benefits of FFFS are primarily that they can be used to increase safety in tunnels. Such systems
will be able to fight fires that are relatively large and thereby potentially prevent a major disaster. In
the case of congestion and specifically when a queue is formed, the system will increase safety by
minimizing the risk of propagation of a fire as it could occur.
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ABSTRACT
To evaluate the benefit of fixed fires fighting systems (FFFS), especially the impact on safety of users
during the self and assisted rescue phase and the impact on the tunnel structure is of major interest. In
the given paper the development of the heat release rate (HRR), temperatures and heat radiation of
liquid and solid matter fires up to 100 MW with and without water mist FFFS activation are analysed.
It is common practice to describe the general fire development by the HRR curve. The resulting
conditions for self-rescue, fire fighter intervention and structural damage are usually directly derived
from the HRR. The analysis of the test results show that this approach is too limited. Besides the HRR
further parameters need to be taken into account for a qualified evaluation.
The tests show different impacts of water mist suppression systems on the HRR for liquid and solid
matter fires. An improved approach to evaluate the HRR based on a distinction between chemical and
thermal active components is provided. Nevertheless always a distinct effect of encapsulation is
evident by considerably reduced temperatures in the tunnel close to the fire seat and in the concrete
(distribution over the depth). The thermal load of the tunnel structure with water mist activation is
substantially lower. Consequently even large fires do not damage the structural integrity of the tunnel.
In a worst case, only in a small area directly above the fire is affected. Aside from the fire seat the
relevant parameters for structural damages are clearly kept under the critical threshold values.
Further the so called “encapsulation effect” by the water mist FFFS avoids the spreading of fire to
other vehicles and therefore eliminates the main reason for the development of large fires.
KEYWORD: FFFS (Fixed Fire Fighting System), Water Mist, Fire Development, Heat Release Rate
(HRR), Tunnel Structure, User Safety
INTRODUCTION
Although no serious fire accidents have occurred recently, the society should not feel a false sense of
safety due to this lucky circumstance. The tunnel fires during the past decade, e. g. in the Euro-, Mont
Blanc- and Tauern tunnels, have shown that accidents can occur and have the potential to escalate
dramatically. In these cases the approach of the fire fighters to the seat of the fire and an effective fire
fighting was not possible due to the rapid fire development and the prevailing extreme temperatures.
In addition to serious personal injury large fires in tunnels can also cause high damage and long
downtime due to necessary repairs. During the design phases of tunnels, consequently structural fire
protection and effective technical and organizational measures must be considered to reduce the risk
of fire and its possible negative consequences for people and structures to a minimum.
In tunnels different measures are foreseen to support the predefined protection goals within the overall
safety concept. The main protection targets are first of all personal safety, but also the support of
emergency rescue and fire fighting as well as structural protection. In contradiction to passive fire
protection measures active fire protection like Fixed Fire Fighting Systems (FFFS) offer advantages
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for both users and structures. This paper is limited to the effect of water mist fire suppression systems
with main focus on structural fire protection. To show the impact of water mist FFFS an evaluation of
selected experimental data with respect to concrete damage reduction is depicted.
TEST SET-UP
Within the scope of the SOLIT2 project in May and June 2011, the efficacy of water mist fire fighting
systems in conjunction with fire ventilation in road tunnels was determined based on more than 30
major fire tests on a 1:1 scale. Half of these fires were executed as pool fires with fire loads ranging
from 30 to 100 MW; the others as solid matter fires involving complete lorry-loads (fire load 100 MW
consisting of wooden pallets). A detailed description of the execution of the fire tests can be found in
[1]. In Table 1 only the major marginal conditions for those tests are briefly mentioned, which are
analysed in the latter part of this paper.
Table 1

Marginal Conditions for selected Pool and Solid Matter Fires
Pool fire
with Water Mist
(No. 11060802)

Solid matter fire
4 minutes Delay until
Activation
(No. 11061401)
408 wooden Euro pallets
covered with tarpaulin

Solid matter fire
12 minutes Delay until
Activation
(No. 11062401)
408 wooden Euro pallets
covered with tarpaulin

Physical fire load

1,140 l of diesel

Fire load (calculated)

100 MW

100 MW

100 MW

3.0 m/s

3.0 m/s

3.0 m/s

120 m3/s

120 m3/s

–

Longitudinal ventilation
flow speed
Semi-transversal
ventilation

Measurement System
During a fire test the relevant parameters were registered every 2 seconds with altogether 152 sensors
in the tunnel: temperature, heat radiation, air speed, gas concentration (O2, CO2, CO), pressure and
flow rate of the fire suppression system, as well as air humidity, weather data out-side the tunnel,
temperature field and the visibility conditions were constantly determined through normal and
infrared recordings.
By and large the temperature measurements were employed to measure the air temperature. Some
measuring points were set up so close to a surface (wall or intermediate ceiling) that the values
obtained there can also be interpreted as surface temperature (lying on the safe side). However the real
temperature of the surface actually lay beneath the values measured in this manner.

Figure 1
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In order to obtain comparative values for the temperature development within a structural component,
a concrete slab was attached beneath the tunnel ceiling approx. 7.5 m behind the zero position
(roughly 2.5 m behind the end of the fire load for solid matter fires). Five temperature sensors were
installed in this slab at 1 cm gaps. In this way it was possible to establish the time-related temperature
development in the material at varying depths (approximately 0.2, 1, 2, 3, and 4 cm from
outside/below, Figure 1).
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CALCULATED HEAT RELEASE RATE BASED ON OXYGEN DEPLETION METHOD
It is common practice to describe the general development of fires and their potential negative
consequences with a HRR curve. In many cases also the efficacy of FFFS is evaluated in a simplified
way with reference to the approach for common design fires without FFFS. The crucial parameter in
this case is the achieved reduction of the measured HRR.
In this context it is of major importance to bear in mind that in a tunnel fire test it is not possible to
measure the HRR directly. In fact the HRR is always calculated based on measured gas
concentrations following the “oxygen depletion method”. The input parameters required for this
calculation are: O2, CO, CO2, H2O gas concentrations and mass flow rate. The method is based on the
assumption, that in case of total burning 1 kg oxygen releases a constant amount of heat
(approximately 13.1 MJ/kg).
Depending on the accuracy of the measured input gas concentrations the HRR produced by the
burning process can be calculated as a qualified approximation of the heat released by the chemical
burning process.
TEST RESULTS
Pool Fire 100 MW
In the following the result of a pool fire with a theoretical heat release rate of 100 MW and additional
activation of the semi-transverse ventilation is described. It has to be mentioned that the passive fire
protection installed in the test tunnel is in general not designed to withstand open 100 MW fires. To
prevent structural damage of the test tunnel, such a large liquid fire could only be performed with
activated fire fighting system. A comparison to cases without FFFS is therefore for such great fires
only possible by comparison with theoretical curves from relevant literature.

Figure 2

Calculated Heat Release Rate (HRR) based on oxygen depletion method, 100 MW pool
fire with FFFS activation
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Figure 2 shows the calculated HRR based on the gas concentrations measured 45 m before and 45 m
behind the middle of the fire load. The FFFS was activated immediately after the ignition and reached
its full performance within 30 s. After some 60 s the design HRR rate rose up to 100 MW and
remained on this level for almost 7 minutes, until the fuel burned out. As the design HRR is similar to
the measured HRR one might conclude that in case of pool fires no distinct impact of the FFFS is
achieved. This preliminary assumption is rebutted by an analysis of the respective air temperatures.
Figure 3 shows the temperatures beneath the intermediate ceiling and the resulting temperatures in the
concrete. For comparison a Hydrocarbon-Curve is given to level the expected temperatures in case of
a pool fire without FFFS.
The so-called Hydrocarbon curve (HC-curve) was developed in the 1970s for hydrocarbon fires in
industrial and off-shore installations. Especially to simulate fires in tunnels an increased HCinc-curve
was defined to meet the higher fire loads resulting from transportation of goods. In contrast to the
regular HC-curve with a maximum temperature of 1,100 °C the HCinc-curve raises up to a maximum
of 1,300 °C [2]. According to [3] it can be applied to petrol and diesel pool fires. The HCinc-curve
rises within about two minutes to a maximum temperature of 1,300 °C and remains at that level for
the entire duration of the fire.
The temperatures given in figure 3 were recorded in three different measuring sections with
increasing distance from the fire location: D007 (directly behind the fire pools below the ceiling),
D015 (10.40 m behind the fire pools at 5 m height, i. e. 20 cm below the ceiling ) and D045 (40.60 m
behind the fire pans also at 5 m height). In cross section D015 a temporary rise of the temperature up
to nearly 1,200 °C occurs, which is a good approximation to the expected HCinc-curve. This fact can
be interpreted as confirmation of the assumption to choose the HCinc-curve as reference for cases
without fire fighting system. About 1 minute after the activation of the fire fighting system, the air
temperature in the fire-related cross sections D007 and D015 settles down to approximately 800 °C
and remains at this level during of the fire. After about 7 minutes the fuel is mainly consumed and the
temperature drops down to ambient temperature.
In longitudinal direction, at cross section D45, the air temperature below the false ceiling is reduced to
lower than 200 °C. This reduction is mainly explained by the cooling effect of the water mist and the
extraction of fumes through the cross-ventilation. In this context it should be mentioned that the
dimensioning of the transversal ventilation (120 m³/s) is designed only for a 30 MW fire. By the
action of the water mist system, the capacity of cross-ventilation is sufficient to cope with the smoke
gases of a 100 MW fire.
The comparison of the measured gas temperatures with the HCinc-curve proves the reduction of the
temperature load of the ceiling in the vicinity of the fire (D007 and D015) due to the application of
water mist. After activation of the fire fighting system the average gas temperature is about 500 °C
lower than the HCinc-curve. In distance (D045) the temperature reduction is even more distinct.
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Figure 3

Air temperatures beneath the intermediate ceiling 7, 15 and 45 m behind the middle of
the fire load and Hydrocarbon-Curve for comparison

Figure 3 further illustrates the temperatures in the concrete of the tunnel ceiling and the air
temperature directly behind the fire load (2.40 m behind the fire pools) for the 100 MW liquid fire.
The unsteady temperature profile during the first minutes after ignition is not reasonable to describe
material heating behaviour. Probably it results from damage (cracking and opening) of the concrete
slab due to the extreme temperature stress during heating. After approximately 5 minutes the peaks of
the measured temperature decay and merge into an (expected) steady development.
Directly below the concrete surface (0.2 cm concrete cover) the maximum heating of the concrete
amounts to 500 °C. With increasing depth lower temperatures are recorded. Already in 1 cm depth the
maximum temperature remains due to the use of water mist below the critical temperature according
to the relevant German regulation for civil engineering structures (according to ZTV-ING the
maximum reinforcement temperature must remain below 300 °C). However, the duration of the fire is
with about 8 minutes too short to compare it directly with a design fire according to ZTV-ING
(approx. 30 minutes).
Solid Fires (100 MW)
Subsequently two solid fires are compared: One with the customary delay in activating the water mist
system (4 minutes after igniting the fire load) and one with a delayed activation of the systems (12
minutes after ignition). Both fire loads were covered with a PVC tarpaulin. To avoid damage to the
test tunnel, a free burning fire load of 100 MW could – similar to before mentioned pool fires – not be
realized. However, due to the delayed activation of the FFFS in the second case, at least in the initial
phase (up to approximately 12 minutes) a comparison of a free burning fire with a case using a water
mist system was possible. The essential conditions of the experiments are summarized in Table 1.
Figure 4 shows the calculated HRR based on the gas concentrations measured upstream and 45 m
behind the middle axis of the fire load. During the free burning phase the HRR rises up to
approximately 40 MW with increasing gradient. Immediately after activation of the water mist system
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the burning process is inhibited and the expected vast increase up to the design HHR of 100 MW is
avoided. For the rest of the test the calculated HRR remains below 30 MW. Immediately before the
fire burns out a short peak of the HRR is observed. In case of the 4 minutes delay of activation the
HRR slowly rises up to less than 20 MW and is kept on this low level until the end of test after 35
minutes. The analysis of the measured HRR clearly shows, that both solid fires develop only between
20% and 40 % of the design HRR, even if the fire load was dimensioned for 100 MW. This effect can
be evaluated as direct inhibition of the water mist FFFS on the fire development.

Figure 4

Calculated Heat Release Rate (HRR) based on oxygen consumption method, 100 MW
solid fire with FFFS activation after 4 minutes and 12 minutes

The positive effect of the water mist system due to cooling and encapsulation can clearly be shown by
temperature measurements. For example in a cross-section immediately downstream of the fire load
(7 m behind the centre of the fire load, D007, Figure 5) after 4 minutes, the temperature below the
ceiling (height 5.2 m) rises up to about 220 °C. After activation of the water mist system (4 minutes
pre-burn time) the temperature falls below 50 °C. In the next few minutes, it again rises up to about
100 °C. When trying with longer pre-burn (12 minutes), the temperature rises unabated and reached at
the time of activation of the water mist system around 700 °C. After activation of the system it drops
rapidly to less than 200 °C. From about 22 minutes on, the fire within the 10 m long fire load burns in
longitudinal direction close to the temperature sensors located in D007. Due to the direct contact with
the flames the measured temperatures rise up to 600 °C in case of the long preburning time or about
an 300 °C in average in case of 4 minutes preburning time.
The measured temperature in the concrete clearly reflects the lower temperature levels resulting from
the activation of the water mist FFFS system (Figure 5). In case of the extended pre-burn time the
temperature of the concrete surface (cover 0.2 cm) rises up to 200 °C until the fire fighting system is
started (12 minutes). Due to the cooling effect of the water mist, initially the concrete temperature
decreases down to 140 °C and keeps quite low within the next 15 minutes. As a result of the rising air
temperatures also the temperature of the concrete increases to about 320 °C until the fire is
extinguished. Close to the reinforcement (concrete cover 4.0 cm), the temperatures never exceed
200 °C and thus remain below the critical value of 300 °C. In case of the customary delay of starting
the fire fighting system (4 minutes) in principle the same development is shown but on a remarkable
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lower temperature level. Even just below the concrete surface the temperature stays at any time below
200 °C. Under these conditions even in the area of maximum thermal exposure no damage of the
reinforcement will occur.

Figure 5

Temperatures in the concrete at the tunnel ceiling directly behind the fire load (air
temperature for comparison)

Heat Flux – Insulating Effect of Water Mist FFFS
The insulating effect of the water mist FFFS is further depicted in Figure 6 by the heat flux measured
10 m up- and downstream of the solid fire load.
In case of the solid fire with extended preburn time of 12 minutes the heat flux rises during the free
burning period up to 2,5 kW/m2. Like the development of the HRR and the temperatures without
activating the FFFS a further increase of the heat flux may be assumed if the FFFS is not activated.
Heat flux in the range above 2 kW/m2 is dangerous for unprotected persons within exposure times of
less than a minute and results in severe burning of the skin. Due to the effect of the water mist the heat
flux decays immediately down to uncritical values below 0,5 kW/m2.
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Figure 6

Heat flux 10 m up- and downstream the solid fire load

IMPACT OF FFFS ON HRR-INTERPRETATION
The shown conflict between the calculated HRR (based on the oxygen depletion method) and the
resulting effective temperatures in the tunnel aside the fire can be explained by the impact of the water
mist FFFS. In this context it is important to emphasize that the calculated HRR is the heat (HRR)
produced by the chemical burning process of the fire. Without a water based FFFS this heat produced
in the fire seat is fully transmitted via convection and radiation to the tunnel. Consequently the
calculated HRR can be used to design a conventional ventilation system without FFFS. However, the
calculation of the HRR does not consider the cooling effect of a FFFS due to absorption of heat
through effective heating and evaporation of water. In case of a water mist system this cooling and
encapsulation is the main effect on the fire.
In case of a free burning fire without water based FFFS the calculated HRR is equal to the measured
HRR, fairly similar to the HRR produced by the chemical burning process, also equal to the
transmitted heat via convection and radiation.
HRRchem = HRRmeas = HRRcalc = HRRrad + HRRconv

(1)

with HRRconv relevant for the design of the ventilation system and HRRrad + HRRconv as a quantity for
estimating structural damage.
In case of water mist application to a liquid fire a part of the produced HRR is dissipated by the
cooling and evaporation effect of the water (HRRsupp). Consequently the equations must be extended
to:
HRRchem = HRRmeas = HRRcalc = HRRrad + HRRconv + HRRsupp
For the structural response the components HRRrad + HRRconv are relevant:
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HRRrad + HRRconv = HRRcalc - HRRsupp = HRRchem - HRRsupp

(3)

Therefore the measured and calculated HRR must be distinguished if water is applied or not. To
evaluate the potential for structural damage on the basis of the HRR the cooling and encapsulation
effect of the water based FFFS must be considered. Other results from medium-scale fire tests and
also from full-scale fire tests suggest, that the convective heat transfer rate is generally no more than
50 % of the suppressed fire heat release rate [4].
In case of a solid fire already the chemical HRR is abated by direct inhibition of the burning process.
Therefore the heat release rate relevant for the structural response results analogue to (3) from this
reduced chemical HRR less the HRR dissipated by the cooling and evaporation effect of the water
(HRRsupp).
Recordings from Thermal Imaging Camera
The effect of encapsulation of the fire is also confirmed by the recordings of a thermal imaging
camera (Figure 7) in which the heating of the ceiling is shown qualitatively immediately after the
100 MW solid and liquid fires. Both pictures were taken a few minutes after extinguishing the fire.
When the picture of the solid fire (right) was taken the fire fighters still extinguish remaining fire
pockets. It is clearly visible, that the heating of the tunnel ceiling is limited to a small area of few
square meters. All other wall or ceiling areas show only a negligible heating of surface of the
concrete.

Figure 7

Recordings by thermal imaging camera shortly after the end of the tests (100 MW pool
fire and 100 MW solid matter fire, both with activation of water mist)

Evaluation of the Results
A primary objective for the application of water based fixed fire fighting systems (FFFS) in tunnels is
to reduce the temperatures in case of fires. As a direct result the conditions for self and assisted rescue
are improved and the thermal exposure on the (concrete) structure is reduced.
The experimental results indicate that a water mist fire fighting system can positively influence the
development of both solid and liquid fires. For both types of fuels, the water mist has a cooling effect
on the fire load and the environment, so that temperatures in the tunnel are rising slower. Especially in
the area some meters downstream of the fire seat the positive effect is distinct. Thus the risk of fire
spreading to other vehicles – also demonstrated by undamaged targets during the tests – is reduced to
a large extent. In addition, due to the lower temperatures close to the fire an attack by fire fighters is
reliably enabled.
For the assisted rescue and the fire fighting the temperatures in the area close to the fire on the
upstream side must be sufficiently low. In tunnels without FFFS this is ensured by sufficient
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(longitudinal) ventilation. However, longitudinal ventilation cannot reduce the radiation. Reports of
persons in the test tunnel and given measurements show that the water mist shields heat radiation also
of large fires (100 MW) to an extent that an approach to the fire load up to a few meters distance is
possible.
In order that the construction of a tunnel does not lose its integrity, the temperature must not exceed
300 °C at the reinforcement (according to ZTV-ING [5]). For fire curves according to the ZTV-ING
this can be guaranteed without further proof by means of a concrete cover of at least 6 cm.
Consequently it is important that this concrete cover is not destroyed in fires due to spalling effects.
Experiments have shown that the spalling can only be limited by adding PP fibres to the concrete [6].
Nevertheless, in case of an, in comparison to the ZTV-ING curve extended high-temperature phase a
heating of the reinforcement to more than 300 °C must be expected.
Such temperature-induced structural damage and the critical heating of the reinforcement in case of
prolonged fire curves can be limited by the cooling and encapsulation effect when using a water based
FFFS. The negative effects of the fire are due to the fire fighting system limited to a small area or
even completely avoided. The cooling and encapsulating effect is stronger the earlier the fire fighting
system is activated. For this reason the earliest possible activation is particularly important. With early
activation the size of the fire load (e. g. 100 MW) is only a subordinate criterion to assess the impact,
because the fire development is stopped before the full extension is reached.
To evaluate the potential of structural damage the calculated or measured HRR has to be reduced due
to the cooling and encapsulation effect of a water based FFFS.
CONCLUSION
Based on the obtained results the efficacy of water mist fire suppression systems in road tunnels could
be confirmed. The experiments demonstrate the successful encapsulation of the fire by the water mist.
In the immediate fire area, the thermal load of the tunnel structure is significantly reduced not only at
the inner surface of the tunnel structure but also inside the concrete. Therefore also with large fire
loads the potential damage can occur only locally. Away from the fire the critical values are not
exceeded with sufficient certainty. Also, a jump over of the fire from truck to truck can be effectively
prevented.
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ABSTRACT
This paper discusses the efficiency of fixed fire fighting systems (FFFS) in conjunction with
ventilation systems in road tunnels in case of fire. The paper presents shortly two most used FFFS
types, water mist and deluge systems. The interface between FFFS and ventilation systems is
discussed in theory and demonstrated also with a full scale fire test results. The experimental results
were collected in the SOLIT² research project that was carried out 2009-2012. This research program
was so far the largest focusing on using FFFS in combination together with other safety measures.
KEYWORDS: tunnel, fixed firefighting system, ventilation, compensation
1 FIXED FIRE FIGHTING SYSTEMS (FFFS)
Fixed fire fighting systems (FFFS) mean active way to fight fires in tunnels. There has been already
number of high-profile tunnels in Europe where FFFS is the key part for fire and life safety systems.
There are two main streams in terms of used technologies in tunnels; A. Low-pressure deluge systems
(often called as “sprinkler systems”) and water mist systems (normally applying high-pressure). So far
17 tunnels are equipped or under installation with FFFS in Europe. 13 of them are with water mist
system and rest mainly with deluge systems.
Deluge systems
Low-pressure deluge systems have been applied
longer time e.g. in Japan, USA and Australia having
a very wide range of design basis (6-21mm/min).
This is mainly due to missing fire tests, typically
system designs have been done decades ago with
design fire sizes of 25-30MW maximum. The
application rates have stayed same although modern
design fires are multiple times higher. This has been
also on reason why deluge systems have been tested
in order to see the performance in full scale tests.
The following is the list of known fire tests with
modern HGV design fires:
Figure 1
-

FOGTEC Deluge System

FOGTEC Fire Protection 2011, comparison tests of deluge and water mist systems
Land Transport Authority (LTA) 2013, deluge system fire tests
Tunnel Mont Blanc 2012, comparison fire tests high-pressure water mist, low-pressure water
mist and deluge systems
FOGTEC Fire Protection 2012, fine spray deluge system fire tests with/without AFFF
SP 2013, deluge system tests
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The results from the deluge tests have been very limited reported to public so far. But it has been
noted that deluge systems can provide also a good performance especially in terms of prevention of
fire spread, life safety and safety of fire services. The data for tunnel structure protection is still very
limited. Also dangerous goods, as Class B fires, have been tested very limited. The fire tests also
suggest that performance of deluge systems is strongly dependent on application rates, droplet
distribution and nozzle lay-out. The common misconception is that deluge systems are alike but they
also vary depending on the used nozzle head and its characteristics. Deluge systems have been noticed
to have a positive impact to the ventilation design parameters as this paper presents the theory.
Water mist systems
Water mist systems are another main FFFS type
especially researched and applied in Europe. The
background of water mist is related to scientific research
projects as the consequence of catastrophic fires more
than a decade ago. Water mist was tested and developed
first as part of European research projects UPTUN. Later
on there have been other research projects like SOLIT and
SOLIT2. Water mist has been also tested by number of
other organisations or national institutes.
-

Figure 2
FOGTEC Water Mist
UPTUN water mist tests, 2005
System
Paris A86 tunnel fire tests, water mist system
M30 tunnel fire tests, water mist system
Madrid Fire Service fire tests 2006, water mist system
Marioff 2006. water mist fire system
SOLIT research project, 2006 water mist systm
Rikswaterstaat A73 tests, water mist system
Private tests by LPWM manufacturer 2009, water mist system
Eurotunnel fire tests, water mist system
Dartford tunnel tests, water mist system
FOGTEC 2011, water mist system
SOLIT2 research project, water mist system
Tunnel MontBlanc 2012, comparison fire tests high-pressure water mist, low-pressure water
mist and deluge systems
FOGTEC 2012, water mist system

Water mist systems, similar to deluge systems, have different fire fighting performance depending on
the application rates, nozzle characteristics and lay-outs. This make comparison of the difficult as
different nozzles / manufacturers can have different results.
INTERFACE BETWEEN FFFS AND VENTILATION
The interface between FFFS and ventilation is relatively well studied with experimental tests. The
positive impacts have been presented for example by Leucker & Kratzmeir („Brandversuche zu
Wassernebel-Brandbekämpfungsanlagen“, Tunnel 8/2011). The possibility to downsize ventilation
system design in new build tunnels or upsize the capacity of existing ventilation in refurbishment
project when FFFS is applied. This is also accepted by most of standards, also by NFPA502 2014
edition. When the interface between ventilation system and FFFS is discussed it can be divided to two
aspects, FFFS impact to design fire size and FFFS impact to convective heat transfer. These are
shortly explained in following.
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FFFS and the ventilation design fire size
Previous research projects have shown that FFFS are very
effective to fight and suppress fires to portion of size
compared to being unsuppressed. This is the most important
impact for the ventilation system as the initial design
parameter in terms of HRR can be significantly reduced.
For example SOLIT2 research project results suggest that
heavy goods vehicle (HGV) fire loads with over 150MW
potential HRR were suppressed with FFFS to maximum 2040MW HRR. Such results have been achieved with both
water mist and deluge systems. If design fire is suppressed
to a smaller value, this can be utilised when dimensioning
the ventilation. The design HRR can therefore be
significantly reduced compared to fires without FFFS. Very
important aspect is that typically design HRR for
ventilation systems is given assuming that only one vehicle
is involved to fire. There is very likely possibility that fire
will spread to other vehicles during the self-rescue phase in
tunnels. Applying FFFS is noticed to limit fire spread to
other vehicles when dimensioned correctly. There are
number of ways FFFS fight and suppress fires. The most
important ones are cooling the pyrolysis and fuel itself by
wetting. Additionally FFFS, especially water mist, can
apply localised oxygen displacement.

Figure 3

Heat release rate

FFFS and impacts to convective heat transfer
The total heat release rate, HRRTOTAL, can be divided to sub parts which define the effect HRR that
ventilation system needs to be able to cope with. The total HRR is often called also a chemical
HRRCHEMICAL that is created in the combustion of fuel. A part of total heat release rate will be
absorbed by the tunnel structure or other equipment due to heat radiation HRRRADIAT. The second part,
much more significant, will be absorbed energy by the FFFS. This HRRFFFS can absorb a significant
part of the energy depending on the flow rates used and portion of evaporation. The remaining energy
of combustion will be transferred to combustion gases and further to surrounding air. This convective
HRRCONV is the effective HRR that has the ventilation system needs to operate with.
(1)
𝐻𝑅𝑅𝑇𝑂𝑇𝐴𝐿 (𝐻𝑅𝑅𝐶𝐻𝐸𝑀𝐼𝐶𝐴𝐿 ) = 𝐻𝑅𝑅𝑅𝐴𝐷𝐼𝐴𝑇 + 𝐻𝑅𝑅𝐹𝐹𝐹𝑆 + 𝐻𝐻𝑅𝐶𝑂𝑁𝑉
The impact of FFFS in terms of cooling and absorbing the energy depends on the FFFS type and flow
rates. The most important is the evaporation rate of the system as it defines the cooling energy. The
total heat absorption effect can be calculated with following equation.
̇
𝑄𝑤𝑎𝑡𝑒𝑟
(2)
= 𝑚̇ ∙ �𝑐𝑝 + 𝐻𝑟 �
𝑚̇ = Water mass rate for evaporation (kg/s)
𝑐𝑝 = Specific heat for water (4.1831kJ/kgK @ 25°C)
𝐻𝑟 = Heat of water vaporisation (2260kJ/kg)
As equation (2) shows the evaporation of water absorbs the most; therefore water evaporation mass
rate is in the decisive factor when the effect of FFFS is calculated for the total HRR. When different
FFFS are compared, smaller droplet sizes provide much larger reaction surface and therefore provide
more effective evaporation. This suggests water mist systems are more effective in cooling because of
higher evaporation rate. This can be partly compensated with much higher flow rates of deluge
systems.
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FFFS and ventilation design process
There are number documents like German RABT, North American NFPA502 and British BD 78/99
that define tunnel ventilation design process. However it is important to understand the difference
between the design processes applying the effects described above. A simplified (fire) ventilation
design process with main pros and cons are described below.

Figure 4

Simplified ventilation design process

FFFS enhanced ventilation because design fire can be sized completely different. It is important to
assess the experimental data achieved from the full scale verification fire tests. FFFS can provide also
additional safety as the fire will be limited to only one vehicle, which is just the expectation with
normal ventilation design. Additionally FFFS can give additional safety as it is known that convective
HRR will not be as high as used for the ventilation dimensioning process. This is due to the energy
absorption effect of FFFS.
EXPERIMENTAL RESULTS TESTING VENTILATION SYSTEM WITH FFFS
SOLIT² Research Project
The experimental results shown in this chapter have been measured as part of the SOLIT2 research
project. The full scale fire tests were carried out in the San Pedro des Anes test gallery in Asturias,
Spain. Test program included over 30 full scale fire tests in order to test the efficacy of FFFS in
conjunction with the fire ventilation system in road tunnels. Half of the test fires were executed as
class A (solid) fires involving complete lorry-loads (fire load consisting of wooden pallets with a
potential heat release rate (HRR) of over 100 MW) the other half as class B pool fires (fire load
consisting of diesel fuel with HHR ranging from 30 to over 100 MW).
The research project “Safety of Life in Tunnels 2” (SOLIT²) started in 2009 with the aim of
investigating the interaction between FFFS water mist fire suppression systems and other road tunnel
safety equipment as e.g. the fire ventilation. It had to be examined how safety measures like the fire
ventilation could be compensated by the use of a FFFS. Beside the improvement of the technical
safety installations the project also focused on the development and validation of simulation tools for
the mathematical-numerical appraisal of the interaction between water mist, fire and ventilation.
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The project ended in 2012 and was partly funded by the federal Ministry for Economics and
Technology as a result of a decision by the German Bundestag. The results and reports are publically
available from www.solit.info.
Fire tests arrangements
Fire test tunnel
The SOLIT² fire test series was carried out in the test facility TST (Tunnel Safety Testing) located in
San Pedro des Anes, Asturias, Spain. The available tunnel, only build for test purposes, has a total
length of 600 m and a longitudinal slope of 1 %. The shell construction has a horseshoe cross-section
typical for road tunnels (9,55m wide and 8,10 m high). But for most of the length the tunnel is
equipped with an intermediate ceiling which limits the height to 5,2 m in the tunnel. This ceiling is
protected by a structural fire protection and serves to build up an exhaust duct for the semi-transversal
ventilation system.

Figure 5
Top view on the test tunnel with measurements positions, Cross-section drawing of
the test tunnel
In addition to the intermediate ceiling the tunnel is equipped with additional side walls in order to
protect the tunnel from excessively high temperatures within the fire zone, these walls are indicated in
the drawing above and limit the cross-section to a width of 7,25 m. Behind of one of this walls there
was space to install all the measurement equipment.
In order to unify the naming of different measurement areas, the middle of the fire load was defined as
0 for all distances along the tunnel axis. In the direction of the prevailing longitudinal ventilation
direction all positions were called “D” for downstream + the corresponding distance in m. Against the
direction of the air flow all positions were called “U” for upstream + the corresponding distance in m.
Ventilation system
The test tunnel is equipped with systems for longitudinal and semi-transversal ventilation. The
longitudinal one is powered by 6 jet-fans attached to the tunnel ceiling within the horseshoe section in
the beginning of the tunnel, velocities between 1 to 6 m/s can be achieved. The semi-transversal
ventilation system is build up in a ventilation station with 2 axial fans which can extract 120 m³/s.
This air flow will be extracted through 14 dampers which are installed in the intermediate ceiling
between the tunnel and the exhaust duct above, each damper has a cross-sectional area of 1,5 m². This
set up of the semi-transversal ventilation is designed to exhaust the smoke volume of a fire with a
Heat Release Rate of 30 MW.
FFFS
For the tests a fixed firefighting system, type high-pressure water mist, was installed in the test zone
over a length of 60 m covering the tunnel from D30 to U30. The 2 branch lines of the system were
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fixed to intermediate tunnel ceiling and were fed via a main supply line located in the exhaust duct
above. The water supply was achieved by diesel driven pumps set up in a container beside the tunnel
fed by 500 m³ water storage. The pressure and the flow rate of the pump were adjustable by
controlling the revolutions per minute (rpm) of the engine. However, all major layout parameters of
the water mist system were corresponding to the real installation in the tunnel, as e.g.:
•
Type of the nozzle (Shape, K-factor, etc.)
•
Nozzle lay-outs
•
Angle of the nozzles regarding the vertical axis
•
Distance of the nozzle to the fire load/carrier
•
Pressure at the most remote nozzle
Measurement system
In order to measure and register all relevant parameters during a fire test, a measurement system with
a total of 152 sensors was set up. Every 2 seconds measurement values from following type were
recorded:
• Air humidity
• Air speed
• Air temperatures
• Gas concentrations (CO, CO2, O2)
• Heat Radiation
• Material temperatures
• Flow rate of the water mist system
• Pressure of the water mist system
Furthermore the tests were documented by photos and video recording (including Infrared cameras) in
order to know the visibility conditions during the test. Before each fire test the weather conditions
outside the tunnel were documented as well.
Some of the air measurement points were set very close to surfaces of the tunnel wall or ceiling that
the obtained values could be also interpreted as surface temperatures even though the real surface
temperatures were lower than the measured values.

Figure 7

Gas, temperature and air velocity measurements in the intermediate ceiling

Class B / pool fire load
In order to obtain a uniform class B fire with a predictable Heat Release Rate multiple steel trays were
arranged together to form one continuous surface. Depending on the desired HRR (e.g. 30, 60 or 100
MW) the according number of 40 cm high pools were arranged together and pre-filled with a 30 cm
layer of water in order to protect the steel trays. The desired amount of diesel oil was put on top of the
water and 1 litre of petrol was used to facilitate the ignition procedure.
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Figure 8

Pool arrangements for exemplary 60 MW fire test

Class B / pool fire load / Test Result
In the following the effectiveness of a water mist FFFS in conjunction with emergency ventilation is
demonstrated with test results of a class B fire which had an actual HRR of 100 MW. The
dimensioning of the ventilation system was configured to cope with a 30MW fire.
After the ignition of all the 17 pools; which were standing side-by-side and built together one surface
to generate a minimum 100 MW pool fire; the fire growth was really fast as known for pool fires. The
HRR reached the 100 MW after 90 seconds, the delay occurred because of traveling time of gases
from the fire location to the gas concentration measurement in D45. The temperatures underneath the
ceiling rose up to 1000°C in the fire zone within 60 seconds after ignition.

Figure 9

Heat release rate for a 100MW class B fire test
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Figure 10

Temperatures near the fire zone at different heights during a 100MW class B fire test

In that time, the smoke volume produced by the fire was higher than the volume which could be
managed by the combined ventilation system, although the extraction via the semi-transverse
ventilation was already running as the fire was ignited. The longitudinal ventilation velocity was
slower than the critical velocity which resulted in the observed “back-layering” phenomenon. This
means that hot fire gases moved against the longitudinal flow of 3 m/s and caused a thick layer of
black smoke in the upper sector of the tunnel on the upstream side of the fire. This observation could
be proven by the increased temperatures in the upper section (in 5 m height, just underneath the tunnel
ceiling in 5.2 m) of the tunnel cross section in 15 m distance (upstream) of the fire load centre.

Figure 11

Temperatures 15m upstream due to “Back layering” during a 100MW class B fire
test

Furthermore most of the smoke was led throughout the whole tunnel which could be proven by the
measurement in D215, the air flow direction is positive and downstream with the longitudinal
ventilation, the temperatures are higher than the ambient temperatures. Which means that hot smoke
was led till the end of the test tunnel and out through the portal.
The Activation of the water mist FFFS was 60 seconds after ignition of the first pools and reached his
full flow rate and system pressure after 100 seconds. After activation of the FFFS; the 100 MW Pool
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fire was supressed and furthermore manageable with the combined ventilation system designed for 30
MW fires.
The smoke output of the supressed fire was now lower than the extraction flow rate of the fire
ventilation system (120 m³/s), which could be proven by the fact that back-layering disappeared and
negative/upstream air flow occurred on the downstream side of the fire at D215 near to the end of the
tunnel. This means that the exhaust volume was adequate to soak out the produced smoke volume and
even more fresh air.

Figure 12

Air velocities near the downstream tunnel portal during a 100MW class B fire test

Figure 13

Temperatures 35m downstream the fire load during a during a 100MW class B fire
and activated water mist system, Thermal image from downstream portal, shows a
person entering the tunnel without any protective equipment and the hot gas layer
during a 100MW class B fire and activated water mist system
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Conclusion from fire tests
Fire tests showed in very practical way that:
1. Ventilation system capacity can be greatly enhanced by using FFFS as a mitigation method.
Ventilation system design for 30MW fire without FFFS can control smoke of 100MW fire with
FFFS.
2. Water as fire fighting agent is affecting by many means in fire zone resulting prevention of backlayering that had started before activation of FFFS.
3. Water mist is cooling very efficiently with high evaporation rate that is one of the main effects
limiting convective heat transfer to air. For example air of 900 °C has a specific volume of 3.37
m³/kg whereas air with 60 °C has 0.96 m³/kg. The effects can be seen in measured air
temperatures.
SUMMARY
Fixed fire fighting systems (FFFS) mean in practice deluge and water mist systems being applied to
enhance tunnel fire safety. Both systems apply water and their performance is strongly related to used
application rates, nozzle characteristics (droplets sizes) and lay-out. Water mist system generally use
far less water and work more in gaseous level whereas deluge system apply more water and work on
surface basis. Both systems have been used in real tunnels for longer times.
FFFS can impact positively to ventilation system design. The fact is that FFFS can reduce potential
HRR by suppressing and controlling fire size to a portion compared to a free burning fire. Secondly
FFFS fights against the output of fire, especially convective heat transfer, which is the primary design
aspect for ventilation systems. FFFS, especially water mist systems, have been tested also
experimentally in full scale fire tests for demonstrating the theory in practice. Presented results from
SOLIT research projects showed that ventilation system design for a 30MW design fire was able to
cope with 100MW pool fire when FFFS was applied. FFFS will be seen more in future as the
mitigation method to assist ventilation designs.
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Fixed fire fighting systems impact on fire spread between
vehicles in a road tunnel
Glenn Appel, Haukur Ingason & Ying Zhen Li
SP Technical Research Institute of Sweden, Borås, Sweden

ABSTRACT
The Swedish Transport Administration (STA) will install a fixed fire fighting system (FFFS) in two
future tunnels; the Stockholm bypass and the Northern Link. Before the actual construction of the
FFFS starts various tests with the system were tested to investigate its possibilities and limitations.
This part of the work focused mainly on fire spread to another vehicle during a queue situation. By
using the SP Tunnel Fire Simulator (TFS), a LPG based fast curve was created as a fire source. A
target vehicle was simulated using a large plate thermometer which was placed at different distances
from the fire source. The aim was to investigate the critical distance for fire spread between vehicles
and document the mitigating effect of the water spray on the fire spread. It was found that the water
mitigated the spread of fire at a distance which was lower than expected in a tunnel. The FFFS also
prevented combustible material from igniting in all the tests.
KEYWORD: Tunnel fire, fixed fire fighting system, FFFS, fire spread, LPG, heat flux
INTRODUCTION
The Swedish Transport Administration (STA) is going to build two tunnels to decrease the traffic load
in the city of Stockholm. The tunnels will be called Northern Link and Stockholm bypass and both of
them are projected to be heavily affected by road traffic. Both of these tunnels will have two separate
tunnel tubes so traffic will only be flowing in one direction per tunnel tube. During rush hours, there
is a high chance of a queue in the tunnels. If a fire would occur during rush hours and the traffic is
standing still, the consequences could be critical. In an ordinary tunnel, where a queue is not likely to
occur, solely longitudinal tunnel ventilation is considered sufficient. As an extent of the queue
problem, the STA in collaboration with the consultant company Brandskyddslaget AB and SP have
developed a new concept for a fixed fire fighting system (FFFS). The idea is to reduce the cost of both
installation and maintenance without sacrificing functionality in comparison with other systems on the
market. The main difference is the pipework, with this type of system, only one pipe is needed to
protect an 15 - 18 m wide tunnel. With a traditional deluge system, at least 3 rows of pipes in the
ceiling would be needed for the same coverage. By installing a FFFS, STA has also been able to
decrease the design fire in the tunnel which also saves investment costs for the ventilation design.
To verify that the FFFS will work as it is expected to, various tests were needed in a full scale road
tunnel. The tests presented in this article were made to show the risk of fire spread in a queue situation
with and without a FFFS installed.
The FFFS
As mentioned earlier, the system is based on a single pipe in the ceiling. The nozzles will be placed in
a T-pipe down from the centre pipe with the nozzles pointing out towards the tunnel walls. The
systems will be different in the Northern Link and Stockholm bypass. In Stockholm bypass, the
system installed will deliver 7.5 m3/min of water per 50 m section; this will result in a coverage of 10
mm/min (l/min/m2) of water at the ground level. In the Northern Link, another type of sidewall nozzle
will be used. The water density is expected to be of 5 mm/min. Both of the systems will use a high
water flow rate but low water pressure. This will result in large droplets being thrown onto the fire.
Large droplets penetrates through the flames and reach the fuel surface more easily. This will result in
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control or suppression of the fire. The nozzle that is supposed to be used in Stockholm bypass was
originally called T-Rex (original design by Brandskyddslaget AB) but since Tyco took over the
manufacturing of the nozzle, it is called TN (Tunnel Nozzle) -25 with a K factor of 360 (l/min/bar1/2).
The one that is going to be installed in the Northern Link is a standard sidewall sprinkler from Tyco
called SW (Sidewall)-24 with a K factor of 160 (l/min/bar1/2).
TEST LOCATION
The tests were performed in an existing tunnel in Sollentuna, Sweden, called Törnskogstunneln. In
this tunnel, 50 m of both types of FFFS has been installed in two different locations in the tunnel. The
two small systems have been installed to serve as a testing facility for various types of tests.
Törnskogstunneln has altering dimensions in comparison with Northern Link and Stockholm bypass.
The tunnel is a little more than 2 km long with varying width. The systems have been installed in
locations that represent the two different tunnels well. This is a tunnel in normal operation, but during
the performance of the tests presented here it was closed. The test team had only a timeframe of 5
hours each night the tests were performed. In total eight tests were performed during two nights.
THEORETICAL CONSIDERATIONS
Prior to the tunnel tests, some theoretical estimations of the risk for fire spread were carried out. Two
different hand calculation methods were used to estimate the heat flux from the fire source (TFS)
towards the object that the fire would spread to [1]. The results showed that the point source method
gave good predictions [1]. The flame length of the fire could be estimated using[2]:
𝐿𝑓 = 0,235𝑄̇ 2/5 − 1,02𝐷

(1)

𝐻𝑓𝑙𝑎𝑚𝑒 = 𝐿𝑓 sin 𝜃

(2)

where Q is the heat release rate in kW and D is the equivalent diameter (m) of the fire source. Since
there is forced ventilation in the tunnel, the flame will be tilted. To calculate the height (Hf) and
horizontal length (Lf) of the flame Eq. (2) and (3) is used [1]:

𝐿𝑓𝑙𝑎𝑚𝑒 = 𝐿𝑓 cos 𝜃

(3)

The angle, θ, can be esitamted using the work done by Li and Ingason [3]. From this, the geometrical
centre of the flame can be calculated by simply finding the point that is positioned in 1/4 of the flame
(𝐿𝑓𝑙𝑎𝑚𝑒 /4 and 𝐻𝑓𝑙𝑎𝑚𝑒 /4) [1]. The geometrical centre of the flame is dependent on the wind
conditions. The fire is thus seen as a point rather than a flame as illustrated in Figure 1.

Longitudinal
air flow
R

target

flame

Figure 1

Illustration of incoming heat flux on to a target.

To calculate the incoming heat flux onto a target surface, Eq. (4) can be used:

qw′′ =

cQ
cos β
4π R 2

Where R is the distance from the point source to the target and β is the angle between R and the
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normal line of the target surface. In reality, β only needs to be taken into account when the angle is
large, otherwise it can be set to 0 (cos 0 =1).
The results from these calculations are presented in Table 1. It shows that if the critical incident
radiation heat flux for ignition is 20 kW/m2, the distance the vehicle will ignite will increase with the
wind speed, V. In order to make sure that ignition would occur, the distances used in the tunnel were
lowered compared to the values given in Table 1, to increase the probability of ignition. Note that
different geometrical centres were used at different wind speeds. If the critical heat flux is higher, for
example 30 kW/m2, this distance will be shortened. The table shows the sensitivity in the distance and
the wind speed inside the tunnel.
Table 1

Critical distances for flame spread at difference wind speeds

Q

V

MW
5
5
5
5

m/s
0
2
3
6

Critical distance
2

30 kW/m2
m/s
2.1
3.3
3.5
3.6

20 kW/m
m/s
2.6
3.7
4.0
4.1

The incident radiation heat flux was measured using large plate thermometer. The incident radiation
heat flux can determined using the following equation by Ingason and Wickström [4]:

''
=
qinc

ε PT ⋅ σ ⋅ TPT4 + (hPT + K cond ) ⋅ (TPT − T0 ) + ρ st ⋅ cst ⋅ δ ⋅
ε PT

∆TPT
∆t

(5)

where the surface emissivity of the plate thermometer - ε PT - was set to 0.8, the convective heat

transfer coefficient - hPT - was set to 10 W/m2·K, the conduction correction factor - K cond - was set to

5 W/m2·K, the density of steel - ρ st - was set to 8100 kg/m3, the specific heat capacity of steel - c st -

was set to 460 J/kg·K and the thickness of steel plate - δ - was set to 0.0007 m. Eq. (5) will be used to

calculate q′′.
INSTRUMENTATION
Most of the instrumentation that was used during these tests was used to make sure that the tunnel and
its installations were not damaged during the tests. The tests included a few types of instrumentation
that has not been used before.
Tunnel Fire Simulator (TFS)
SP Fire Research has developed a Tunnel Fire Simulator (TFS) that can easily regulate fire growth in
tunnels or buildings. The TFS is constructed as a trailer which can be dragged with a regular car.
Connected to the trailer there are both an inlet and an outlet for LPG which is the fire source. First, a
LPG tank or container needs to be connected to the trailer for it to function. In the trailer, the flow of
the LPG, hence the heat release rate is determined through a computer. The controller determines
what the operator wants the fire growth to be. The Tunnel Fire Simulator was used as the fire source
in these tests. The TFS can easily simulate t square fires (t2), constant fires or any type of dynamic fire
development such as a car fire.
The target vehicle
To measure the incident radiation from the TFS fire, a new type of plate thermometer was developed,
see Figure 2. The target vehicle is simulated by a large plate thermometer with seven thermocouples
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welded on to the backside of a 1.5 m high Inconel steel plate standing 0.5 m over the ground. The
plate was isolated from the back using a 20 mm thick rock wool board. The temperature readings
from the plate thermometer were used to calculate the corresponding incident radiation heat flux on to
the plate thermometer. To know when a combustible material would ignite, a cardboard strip was
placed on each side of the steel plate. When the cardboard caught on fire, the time was documented
and the corresponding heat flux could be determined by using Eq. (5).

Front view
CH1
CH2

CH2 CH1
CH3

CH5

Figure 2

cardboard

CH4

CH3
CH4
CH5

CH6

CH6

CH7

CH7

cardboard

Side view

The target vehicle consisting of a large steel plate attached with welded thermocouples
on the backside. A cardboard strip was placed on each side of the steel plate in order to
regiser when ignition was obtained.

TEST PROCEDURE
To optimize the time during the test performance in the Törnskogstunnel, both preparatory
calculations (see the theoretical part) and testing were performed at SP. The tests were performed to
see how far away a combustible target could be from the fire without igniting. These tests were
performed without effects of any air flow such as longitudinal air velocity. From this data, hand- and
computer calculations were performed to determine the distance to the combustible target.
Preparatory tests at SP
To determine at what distance the target vehicle should be placed, a few preparatory tests were
performed in SP Fire Research’s lab. The set-up was the same as it was planned to be in the tunnel,
but without a wind. The target vehicle was placed 1 m from the edge of the closest burner (2 m from
the centre of the burners) in accordance with Figure 3. To make sure that the measurements of the
target vehicle was correct, a plate thermometer (PT) was used at the same distance from the fire.
Another PT was set up 2 m from the fire to see the heat flux at that distance as well.
To simulate a car fire within the tunnel, a fast curve was used. The fast curve is a simplified way of
simulating the fire growth in the initial state of the fire. The fast curve is calculated through Eq. (6)
[5].
𝑄̇ = 0,047 ∗ 𝑡 2

When the fire had grew up to 5 MW, the LPG was set to steady state in accordance with Figure 4.
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Target vehicle
CH2 CH1

Plate
thermometer

CH3
CH4

Burners

1,65 m

CH5

0,75 m

CH6
CH7

1m

2m

Figure 3

Test setup pre-tests.

Heat Release Rate(kW)

6000
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1000
0
0
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Time (s)

Figure 4

The fast curve develops up to steady state at 5 MW.

Tunnel tests
A test plan was developed prior to the tunnel tests. The test series consisted of seven tests, which are
given in Table 2. It consisted of both free burn tests and tests with water spray system activated prior
to a time where an ignition was expected. In the tests with a free burn fire, the LPG was shut off
when the comustible material ignited.
The main goal with these tests was to see if both types of FFFS could at least delay the fire spread to
another vehicle. As a default, 6 m/s wind speed was used in the tunnel, but also 3 m/s were planned to
be used. The aim was to start with a free burning test with 6 m/s wind, continue with 6 m/s with water
and then the same for 3 m/s etc.
Due to problems with the hardware (a check valve), the TFS could only deliver the fast curve until 3,5
MW was reached, thereafter it made a leap directly to approximately 6 MW, as illustrated in Figure 5.
Unfortunately, this problem could not be solved in the tunnel at the time of testing. Even if this was
not the plan from the start, the scenario is credible considering a a scenario with a sudden increase in a
burning rate of a passenger car (flashover).
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Figure 5

The heat release rate curve (fast curve . The sudden rise in the curve is due to technical
failure at a check valve in the TFS system.

Due to this technical problem with a check valve and the time limiting situationin the tunnel, the
initial test order could not be carried out. Unfortunately, the calculated distance to the target vehicle
was too long and therefore the distance had to be shortened. Due to the convective cooling from the
longitudinal air flow, ignition of the combustible cardboard strip was difficult to obtain. In the
laboratory environment, the incident heat flux was about 23 kW/m2, when it was ignited, but in a
tunnel with 6 m/s it turned out to be difficult to obtain ignition with corresponding distances. These
results were a little bit suprising, but after observing this phenonmena it was easy to understand.
Therefore an attempt was made to move the target closer and closer to the fire source, mainly in order
to find out when the material would ignite, and from there determine the critical heat flux that is
needed to ignite.
Table 2
Test
1
2
3
4
5
6
7
8

Test sequence for the Törnskogstunnel tests.
Wind Distance to target vehicle
Scenario
speed (from center of the burners)
Free burning
6 m/s
3,8 m
Free burning
6 m/s
2,8 m
Free burning
6 m/s
2,8 m
Water density 10 mm/min
6 m/s
2,8 m
Water density 5 mm/ min
6 m/s
2,8 m
Water density 5 mm/ min
6 m/s
2,8 m
Free burning
3 m/s
2m
Water density 5 mm/ min
3 m/s
2m

The heat release
rate curve
Fast
Fast+flashover
Fast+ flashover
Fast+ flashover
Fast+ flashover
Fast+ flashover
Fast+ flashover
Fast+ flashover

RESULTS
Preparatory tests in laboratory
The preparatory tests were performed to observe the maximum steel temperature when the cardboard
strip ignited. They were also performed to see if a sprinkler would prevent the cardboard to ignite if
activated prior to ignition and in that case if it would still be able to prevent ignition even if the TFS
continued to increase all the way up to 5 MW fire.

118

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Table 3

Results from the preparatory laboratory tests
Test 1
Test 2

Conditions
Heat release rate curve
Maximum steel temperature
Time to ignition
Maximum steel temperature
at ignition
Distance from the center of
the burners to the target
vehicles
Wind speed
Time to sprinkler activation
(full effect)
Heat release rate at ignition

Figure 6

Free burning
Fast
497oC
04:41

With water spray
Fast
406oC
No ignition

400oC

No ignition

2m
No wind

2m
No wind

No activation
3.5 MW

04:44
No ignition

A photo taken during the lab tests at SP.

With aid of Eq. (5) using the information given and the measured maximum plate temperature given
''
in table 3, we can calculate that qinc
is 23.7 kW/m2. This value corresponds well to values obtained
for cardboards for spontaous ignition [6] in non-windy conditions.
Tunnel tests
In the Törnskogstunnel, 8 tests were performed in accordance with Table 2. In the first test, the
cardboard did not ignite so the target vehicle had to be moved closer to the burners. In the second test,
the hardware in the TFS malfunctioned so that test had to be repeated. When the hardware
malfunctioned again it was decided that the problem could not be fixed at that time and therefore the
tests with the FFFS had to be initialized. Due to all these circumstances, the time in the tunnel ran out
so all the tests that were supposed to be done during night one could not be carried out. During night
two, the tests were performed under the system with 5 mm/min. The tests went on as planned and all
the tests with 5 mm/min were carried out as scheduled.
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Table 4

The results from tests 1-3.

Conditions
Heat release rate curve
Maximum steel temperature
Time to ignition
Maximum steel temperature
at ignition
Distance from the center of
the burners to the target
vehicles
Wind speed
Time to sprinkler activation
(full effect)
Heat release rate at ignition

Test 1

Test 2

Test 3

Free burning
Fast
432oC
No ignition

Free burning
Fast + flashover
370oC
3:40

Free burning
Fast + flashover
334oC
3:40

No ignition

260oC

257oC

3,8 m
6 m/s

2,8 m
6 m/s

2,8 m
6 m/s

No activation
No ignition

No activation
5,4 MW

No activation
5,6 MW

In test 2, with 6 m/s and a closer distance, the maximum steel temperature was only 260 oC, compared
to the 400 oC in laboratory test at a shorter distance (2 m). This can actually be calculated by the terms
given in Eq. (5). There are two reasons for this. Firstly, the response of the large plate thermometer
needs some time due to the rapid increase in the heat release rate. Secondly, the high air flow speed
increases the convective heat transfer coefficient. This indicates that more heat is taken away by air
flow from the plate thermometer. These two effects can also be seen in Eq. (5), the second term in the
equation relates to convection effects and the third term relates to the response of the PT. The
longitudinal flowcould also affect the ignition conditions, i.e. change the critical heat flux for fire
spread. . Further, the wind deflects the flames towards the target downstream, and thus instead of
spontaneous ignition, a piloted ignition could occur. This is an interesting physical phenomenon to
study in the future for fire spread in tunnels.
Table 5

The results from tests 4-6.

Test 4
With water,
10 mm/min
Conditions
Fast + flashover
Heat release rate curve
Maximum steel temperature 160oC
No ignition
Time to ignition
Maximum steel temperature
No ignition
at ignition
Distance from the center of
the burners to the target
2,8 m
vehicles
6 m/s
Wind speed
Time to sprinkler activation
03:10
(full effect)
Heat release rate at ignition No ignition
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Test 5
With water,
5 mm/min
Fast + flashover
125oC
No ignition

Test 6
With water,
5 mm/min
Fast + flashover
115oC
No ignition

No ignition

No ignition

2,8 m
6 m/s

2,8 m
6 m/s

03:10
No ignition

03:15
No ignition
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Table 6

The results from tests 7 and 8.
Test 7

Conditions
Heat release rate curve
Maximum steel temperature
Time to ignition
Maximum steel temperature
at ignition
Distance from the center of
the burners to the target
vehicles
Wind speed
Time to sprinkler activation
(full effect)
Heat release rate at ignition

Figure 7

Free burning
Fast + flashover
354oC
03:14

Test 8
With water,
5 mm/min
Fast + flashover
525oC
No ignition

344oC

No ignition

2m
3 m/s

2m
3 m/s

No activation
3,2 MW

02:57
No ignition

A photo taken during a test in the tunnel

The results in Tables 4-6 show that the FFFS cools the target vehicle, lowers down the surface
temperature and prevents combustible material to ignite. In Figure 8, the steel temperatures are
presented during the free burning tests as well as tests with the two FFFSs.
400

LPG turned off

Temperature (oC)

350
300
250
200

Free burning

150

10 mm/min

100

5 mm/min

50
0
0

5

10

15

Time (min)

Figure 8

The steel temperatures during tests 2, 4 and 5
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In test 8, the maximum steel temperature was as high as 525°C. This was due to the short distance
from the burners to the target vehicle. The flame was tilted by the wind and directly reached the steel
plate. Despite the high temperature, the cardboard did not ignite due to the FFFS, which effectively
cooled down the fuel surface.

Figure 9

A photo taken during test 4.

CONCLUSION
The results from these tests show that the FFFS prevents combustible material from igniting, even if
the distance is very short and the flames impinge on the combustible material. For example when the
steel temperatures of the PT was as high as 525 oC, the FFFS with 5 mm/min prevented the cardboard
material from igniting.
The results also show that the effect of wind on fire spread to a target is greater than expected. The
wind significantly tilts the flame and changes the heat flux to the target. The wind also alter the
convective heat transfer coefficient towards the target and probably changes the critical heat flux level
for ignition. Further research is needed to establish the main mechanism for this type of fire spread in
tunnels with longitudinal flow.
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ABSTRACT
Fire development inside a traincar is a topic that has not been studied extensively due to the
complexity of the problem and the need for a real traincar that can be used for tests and appropriate
fire research facilities to conduct these tests in a controlled environment. Carleton University’s fire
research facilities have the capability of performing such tests, as has been demonstrated by two tests
conducted on a subway and an intercity traincar to measure the heat release rate of fires in these cars
[1].
This paper presents experimental data on fire development in a full scale intercity traincar fire. The
traincar test was conducted in the tunnel facility of Carleton University. This facility is capable of
conducting such fires and measuring their heat release rate using oxygen consumption calorimetry.
The traincar was placed on stands with a height equal to that of the train wheel assembly simulating
realistic conditions. Thermocouples and plate thermometers were installed inside the train car to
provide an accurate picture of the temperature conditions inside the car so that an insight of the fire
development can be obtained. A number of cameras have also been placed inside the car and in the
tunnel providing live video during the test. Other instrumentation included heat flux meters for
measuring heat fluxes inside the train car and the tunnel and instruments for measuring smoke
density.
The paper provides details of the experimental set-up and the instrumentation as well as the procedure
used to perform the tests. The data obtained from the instrumentation used in the test is analyzed with
the objective of obtaining an accurate picture of the fire development in the car. The results of this
analysis are discussed and a comparison is made with the heat release rate that was measured during
the test.
KEYWORD: Traincar fires, heat release rate, fire development.
INTRODUCTION
Over the last few years there is an increase in the use of underground tunnels for transportation. Such
tunnels are constructed as road tunnels or railway tunnels. Fire safety is a primary concern in these
tunnels, especially due to the number of accidents that occurred in tunnels in the last decades,
including the Channel Tunnel Fire and the fire in the Mont-Blanc tunnel. As a result fire safety in
tunnels and underground facilities has received a lot of attention in recent years [2-5].
Hadjisophocleous et al. [1] describe two tests conducted at Carleton University with the objective of
measuring the heat release rate of two train car fires: an intercity railcar and a subway car. The paper
showed that the heat release rate reached 32 MW for the rail car and 52.5 MW for the subway car.
One of the main conclusions of these tests was that the main parameter governing the heat release rate
is the ventilation condition during the fire. Although the railcar had a total fire load that was almost
twice the fire load of the subway car, the subway car reached a higher heat release rate because the
ventilation openings during the fire were much bigger that those of the railcar. In the case of the rail
car the ventilation was mainly a function of the window conditions. All windows were closed at the
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beginning of the fire and ventilation was only provided through the four side doors: two at the front
and two at the back of the car. As the fire progressed, windows started to break increasing the
ventilation in the car and thus increasing the heat release rate of the fire.
This paper attempts to describe using the available experimental data the fire development in the
railcar in order to get a better understanding of the initial fire growth, the breaking of windows and the
spread of fire through the car.
TEST FACILITY
The tunnel of the Carleton University facility is 10 m wide, 5.5 m high and 37.5 m long. It is equipped
with a mechanical exhaust system that consists of three fans capable of exhausting a total of 132 m3/s
of gas. The exhaust fan system is designed to draw smoke from the tunnel through a large fan
chamber. The fan chamber is equipped with the instrumentation needed for measuring the heat
release rate of large fires using oxygen consumption calorimetry. Oxygen calorimetry requires
accurate measurements of the mass flow rate, CO2, CO and O2 concentrations of the exhaust gases.
This is achieved by strategically placing the instrumentation at the end of the upper chamber of the lab
just before smoke enters into the fan chamber. Two fans are located at the east end of the facility at
the fan chamber level, and one fan is located at the attic level as shown in Figure 1.

Figure 1. Schematic diagram of Carleton laboratory facility [8]
Description of the Railcar
The intercity traincar had a length of 23 m, a width of 3 m and a height of 3.7 m. The total weight of
the train was 38 tons. The fire load of the car was 46.6 GJ. The railcar was equipped with 68
passenger seats. Figure 2 shows the design of the railcar. The interior materials used for the railcar
include polyester fiber-reinforced plastic (FRP) wall panels, polyvinyl chloride (PVC) floor covering,
glass fiber insulation, urethane foam for seats, and polyester fiber for seat covers. Table 1 shows the
material used for the construction of the different parts of the traincar and their contribution to the fire
load. It also shows the area of these materials. As the table shows the majority of the materials are
plastics with a small portion of wood.
There were 18 windowpanes of tempered double-pane window glass set in both sides of the vehicle.
The car also had two mid-gate doors between the passenger quarters and service areas, one door at
each end of the car, and four side doors for passenger entry and exit. As shown in Figure 2, the doors
on both ends of the railcar were closed to prevent air entering the traincar and causing a blowing
effect. However, the two side doors in the front, the two side doors at the back and the two doors
leading into the service areas were open to simulate the condition of emergency evacuation.
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Table 1.

Material contribution to train fire load
Material

Area (m2)

Fire load (MJ)

FRP

63.5

3714

PE foam

63.5

5588

MPAL

54.24

542.4

MPAL

34.74

347.4

PVC

18.1

907.6

Adhesive

18.1

229.6

Plywood

18.1

1542

PE foam

18.1

1591

PVC

45.2

1003.4

Adhesive

45.2

574

Plywood

45.2

3856

PE foam

45.2

3978

MPAL

75.7

757

PE moquette

32

195

PU foam

32

5256

PE moquette

40.3

246

PU foam

40.3

9462

Foot rest

ABS plastic

9.6

1085

Seat arm

Integral skin foam

6.1

928

Seat back panel

ABS plastic

17.6

1989

Seat side cover

ABS plastic

12.2

1374

PE moquette

8.3

51

PU foam

8.3

1367

Item name

Wall panel
Ceiling panel
Coving and lack

Centre-floor

Centre-floor

Partition
Seat base
Seat back

Seat leg rest

Total

46,583

Instrumentation
Numerous thermocouples were installed on the interior and in the cabin to measure the surface
temperature of the interior panels and the inner space of the cabin while the fire developed.
Thermocouples were also place on top of the seats as shown in Figure 3. Thermocouples located
along the ceiling, along the floor, along the seats, at the front gate, at the rear gate, along the right
wall, along the left wall, along the right shelf, along the left shelf, and at 8 cross-sections spaced
evenly through the railcar. Figures 3 and 4 show the location of all thermocouples within the railcar.
Flame propagation was observed using six cameras placed inside the car and in the tunnel.
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Figure 2. Design of the tested railcar and door condition.

Figure 3.

Thermocouple locations for seats and burner location.

Ignition Source
The ignition source used was a 0.7 m2 square propane sand burner with a stepped flame output in
accordance with fire scenario EN 45545-1 (Railway applications – Fire protection of railway vehicles
– Part 1: general) Annex A as shown in Figure 5. The burner was positioned between the rear side
seats as shown in Figure 2 to create a spreadable flame condition.
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Figure 4. Location of thermocouples

Heat Release Rate(kW)

250

Figure 5.
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Burner output scenario of EN 45545-1.

RESULTS AND DISCUSSION
Figure 6 shows a sequence of photos taken from the video camera facing the burner. The burner was
ignited at 0 s and at 37 s the seat on the left of the burner ignites. At 57 s the flame spreads to the
back panel of the right seat and at 61 s the foot rest catches on fire. At 103 s the full back seat is on
fire and at 114 s melted plastic falls to the floor as seen by the floor flames. At 129 s the top of the
left seat ignites as well as the curtains. At 180 s the whole area between the two seats is on fire and
flames appear to reach the front side of the right seat. This is the last image from this camera as soon
after it stop transmitting. It is interesting to note that even though the whole area between the left and
right seat is on fire, the seat adjacent to the left seat has not ignited yet.
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0s

37 s

57 s

61 s

103 s

114 s

149 s

180 s

Figure 6. Flame spread during the first 180 s after ignition.
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60 s

120 s

180 s

210 s

Figure 7. Visibility in traincar
Figure 7 shows photos from a video camera placed at the middle of the train in the corridor facing the
back of the train towards the location of ignition. The photos show that visibility in the train car is
very good even at 180 s when the fire has spread to both sides of the burner. At 210 s visibility
deteriorates a lot and soon after it goes down to zero.
Figure 8 shows photos from a camera placed outside on the left side of the traincar. At 180 s the
photo shows that there is a lot of smoke exiting the door and entering the tunnel. Although the smoke
is hot and rises initially the photo shows that the visibility in the tunnel is very bad. Conditions in the
tunnel become much worst 24 s later as the amount of smoke exiting increases and some flames start
to appear at the door. Few seconds later, at 222 s flames exiting the door become stronger. The first
window broke at 230 s as evidenced from the photo that shows flames escaping the train car from the
door and the window. The ventilation system during the entire test was effective in preventing smoke
from moving upstream and exiting the tunnel.
From Figure 9 it is clear that the first flames started exiting the train from the door on the right side of
the train at 200 s. Flames exit from both doors vigorously at 270 s and roll over the train. The photo
also shows that the interior of the train is fully engulfed in flames, an indication of a localized
flashover at the back of the train. The fact that flashover was localized is also supported by the
temperatures recorded by the ceiling thermocouples and shown in Figure 10. As the figure shows, the
ceiling temperatures for the majority of the thermocouples remained under 600°C until 700 s. This
indicates that flames did not travel to the front of the train quickly but remain localized at the back of
the train. This is also reflected in Figure 11, which shows temperatures of the thermocouples located
on top of the seats. These temperatures show that it took almost 1000 s for the flames to spread to all
seats.
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180 s

204 s

222 s

230 s

Figure 8. Exterior view of traincar

200

270 s

Figure 9. Exterior view from the rear of the train car
Seat temperatures shown in Figure 11 were used as a guide in an attempt to determine the percentage
of the train engulfed in flames depicted in Figure 12. This figure shows that initially flame spread
through the train was slow reaching only 5 % of the train for the first 500 s. After 500 s the rate of
flame spread increased considerably reaching 35% in 1000 s. At just over 1000 s the whole train was
engulfed by flames. The flame progression is reflected in the heat release of the fire shown in Figure
13. It is interesting to note that during the initial 300 s, and although about 5 % of the train was on
fire the heat release rate reached over 10 MW. The numbers on the figure along the horizontal axes
represent windows on the left side of the train with window 1 being the first window at the back of the
train and window 9 the window at the front of the train. The window numbers are placed on the
figure to show the approximate time that they broke. Windows 2 and 3 broke during the first 300 s.
The ventilation from these windows together with that from the doors was able to sustain a fire of
about 12 MW. The breaking of windows 4, 5 and 6 caused additional ventilation increasing the heat
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Figure 10. Ceiling temperatures

Figure 11. Seat temperatures

Figure 12. Percentage of train ignited
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Figure 13. Heat release rate.
release rate to 20 MW and windows 7 and 8 broke before the fire reached its maximum heat release
rate of 32 MW. Window 9 broke at a time past the time the fire reached its peak heat release rate and
it had no visible effect on the fire. With all windows broken and all combustibles burning the heat
release rate of the fire started to decrease almost immediately after reaching its peak value with a
steady decline. This rate of decline continued to about 12 MW at about 1800 s. After that time the
rate of decrease slowed down reaching a HRR of less than 5 MW at 2700 s.
CONCLUSIONS
This paper described the development of a fire in an intercity traincar from ignition to full train
engulfment and peak heat release rate. The main conclusion that can be drawn from the data analyzed
is that flashover did not involve the entire train interior but was localized starting near the area where
ignition occurred. Flame spread from seat to seat was initially slow, but the flame spread rate
increased after the first 500 s engulfing the whole train at 1000 s.
Visibility in the train became very bad very early during the fire. After about 200 s the image of the
camera at the middle of the train was just dark smoke. Visibility in the tunnel was also bad with
heavy smoke reaching the floor of the tunnel raising concerns about the ability of occupants to move
through the tunnel. The tunnel ventilation system was effective in preventing back layering of smoke.
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ABSTRACT
Design fires are the key issue for tunnel fire safety. The traditional prescriptive method is widely used,
but it cannot account for train carriages with different geometries and fuel loads. A new methodology
of design fires for individual train carriage is proposed based on state-of-the-art research. An
overview of full scale train carriage fire tests is given. Further, several engineering applications are
presented, including design fires for a metro train carriage, a double-deck railway train carriage and a
tram carriage.
KEYWORD: design fire, train carriage, metro, tram, heat release rate, engineering application
INTRODUCTION
Design fires have a great influence on the fire safety concepts and safety measures, and are the basis
for any assessments and calculations.
Full scale fire tests are the best way to obtain valuable information about the realistic carriage fires.
However, the huge cost and the resulting limited number of the tests make the full scale tests
impossible to run in every project. Despite this, the limited data obtained are very valuable for fire
safety design, especially in design fires. In engineering applications, the traditional prescriptive
method is widely used. However, it cannot account for the carriages with different geometries and
fuel loads. CFD tools could be an option. However, CFD modelling of fire development is complex
and generally not reliable at present, and thus it could only be used when modelling of similar
scenarios has been well validated, or be used for qualitative study.
The accuracy of design fires strongly depends on how well the knowledge about fire development in
carriages is used. Recently the authors have been involved in series of full scale, medium scale and
model scale carriage fire tests from which much information has been obtained and the methodology
of design fires for carriages has been developed and validated.
OVERVIEW OF FULL SCALE FIRE TESTS
In order to put the results of the study into a context of real fires, an overview of full scale tunnel fire
tests is presented here. There are quite few measurements of Heat Release Rate (HRR) for rail and
metro vehicles (rolling stock) [1]. The majority of the tests available are from the EUREKA 499 test
series. In Table 1 a summary of these tests is given. A list of the Eureka tests is given in the main test
report [2].
The test results presented in Table 1 are based on tests with single coaches. The peak-HRR is found to
be in the range of 7 to 77.4 MW and the time to reach the peak HRR varies from 5 to 118 minutes.
Note that the time to maximum heat release rate in the metro test in EUREKA 499 tests is much
shorter than the others. The reason is that the aluminium roof was burnt away completely during the
test. Therefore this data point is not so useful for us. If the fire spread between the train coaches, the
total HRR would be much higher than the values given here although one cannot simply add the HRR
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for each coach to obtain an estimate of the total HRR. This is due to that the first coach would not
necessarily reach the peak HRR at the same time as the later ones. The EUREKA 499 tests show that
there are many parameters that could affect the fire development in a train carriage. These include the
body type (steel, aluminium etc), the quality of the glazed windows, the geometry of the openings, the
amount and type of combustible interior and its initial moisture content, the construction of wagon
joints, the air velocity within the tunnel and the geometry of the tunnel cross-section [3]. All these
parameters could need to be considered in a design process of a rail or metro tunnel. A very important
factor for the development of the fire is the quality and mounting of the windows. As long as the
windows do not break or fall out (and there are no other large openings), the fire will develop slowly.
On the other hand, if the windows break the fire can spread and increase in intensity very quickly. In
the METRO project, much higher heat release rates were measured. Part of the reason is that the
luggage was considered as part of fuel load in the metro carriages. Further, large ignition sources were
used to simulate arson fires. Moreover, the openings for a metro carriage were larger than those in a
rail carriage, which suggests that the heat release rates could be higher for fully developed fires. This
can also be seen from the comparison of the Carleton train test to the subway car test. In METRO Test
3, the fire development was delayed for a round 107 min due to the aluminium covering. This
indicates the importance of the wall and ceiling linings on the fire development.
Table 1
Large scale test data on rolling stock.
Type of vehicle, test series, test nr,
Calorific
u=longitudinal ventilation m/s
content
(GJ)

Maximum
HRR
(MW)

Time to
maximum
HRR (min)

Reference

Rail
A Joined Railway car; two half cars,
one of aluminium and one of steel,
EUREKA 499, test 11, u=6-8/3-4 m/s
German Intercity-Express railway car
(ICE), EUREKA 499, test 12, u=0.5
m/s
German Intercity passenger railway
car (IC), EUREKA 499, test 13, u=0.5
m/s
British Rail 415, passenger railway
car*)
British Rail Sprinter, passenger
railway car, fire retardant upholstered
seatings*)
Carleton intercity train

55

43

53

[4]

63

19

80

[5]

77

13

25

[5]

NA

16

NA

[6]

NA

7

NA

[6]

50

32

18

[7]

41

35

5

[5]

60

76.7

12.7

[8]

60

77.4

118

[8]

23

52.5

9

[7]

Metro
German subway car, EUREKA 499,
u=0.5 m/s
METRO, X1
METRO, Refurbished X1 (simulating
C20)
Carleton subway car

*) The test report is confidential and no information is available on test set-up, test procedure, measurement techniques,
ventilation, etc.

In Figure 1, time-resolved HRR curves are given for the tests presented in Table 1 (with the exception
of the British tests). For comparison, the t-squared ultra fast fire curve is also included. Based on the
above analysis and the data shown in this figure, it can be expected that for a carriage with
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combustible linings the time to maximum heat release rate could probably be around 10 to 20 min.
These key values can be used as references in the design.

Heat Release Rate (MW)

80

Eureka - Subway

70

Eureka IC train

60

Eureka - joint wagons

50

Eureka - ICE train
Carleton Intercity train

40

Carleton subway car

30

METRO Test 2

20

METRO Test 3

10

Ultra Fast

0

Figure 1

0

25

50

75
Time (min)

100

125

150

The HRR for the carriage tests presented in Table 1.

METHODOLOGY
Determination of typical scenarios
The determination of typical scenarios has a great influence on the design fire. It is always a costeffective problem, depending on the targeted safety level for the specific vehicle or tunnel. The related
key parameters include ignition source, fuels available and geometry of the carriage.
In some scenarios, the fire could not become fully developed and the maximum heat release rate could
be very low. For example, a 150 kW gas burner placed beside a seat consisted of fire retardant
materials could be ignited but not burn after the gas burner is removed. However, in case of large
ignition source, e.g. arson fire, the fuels could probably be ignited immediately and the fire could
spread to the neighboring fuels after a short time. This fire spread from the ignition source to
neighboring fuels is defined as the critical fire spread for carriage fires [9]. After the critical initial fire
spread occurred, the fire normally is able to spread easily along the carriage [9]. From the safety point
of view, it could be assumed in most cases in engineering applications that critical initial fire spread
occurs and the fire finally becomes fully developed, especially in case of lack of information.
Design fire curves
Ingason [10-12] carried out a series of study on the method of design fire curves and found a
convenient way to describe the design fire curve with simple mathematical expressions, which makes
the design fire process much simpler, flexible and reliable. The main findings and methods are
summarized here.
The heat release rate of a fire curve can be expressed as follows:

where

=
Q(t ) Qmax nr (1 − e − kt ) n −1 e− kt
k=

(1)

Qmax r
1
and r= (1 − )1− n
Etot
n

The time to maximum HRR can be expressed in the following form:
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tmax =

ln(n)
k

(2)

The above two equations are enough for the design fire, however, Eq. (2) needs an iterative
calculation. Instead of using Eq. (2), the retard index, n, could be approximately estimated using the
following equation:
n ≈ 0.74294e(2.9Qmax tmax / Etot )

(3)

where the transient heat release rate is Q(t), the maximum HRR Qmax, the time to maximum HRR tmax,
the total energy content Etot, the retard index n, the amplitude r and the time width k. More detailed
information about this method can be found in the literature [10-12]. Note that Equation (3) is only an
appxoimate solution of parameter n. Therefore, Eq. (2) should always be checked after one esitmation.
For large values of n large errors could be introduced. In such cases, only Equation (2) should be
used.
This design fire curve method could be employed to one single train carriage. Also, a train carriage
could be divided into several individual sections. The choice of the methods depends on the
information available.
Maximum heat release rate
Li et al [9] recently investigated the correlations between different scales of metro carriage fire tests in
the framework of the METRO project, and proposed a simple model to estimate the maximum heat
release rate for a fully developed metro carriage fire, which has been proved to be able to correlate all
the test data in different scales very well. The maximum heat release rate in a carriage fire is mainly
related to the type and configuration of the fuels, the effective heat of combustion and the heat of
pyrolysis. The maximum heat release rate for a fully developed carriage fire, Qmax (MW), can be
expressed as:

=
Qmax

∑ min(1.85m ∑
i

a

c r ,i ∆H c ,i
L p ,i

i

, m ′′f ,max,i Af ,i ∆H c ,i )

(4)

where the fraction of heat absorbed by the ith surface, χr,i, in the above equation is defined as:

χχ
r ,i = r

Ai
At

(5)

and the maximum possible mass flow rate through openings:

m a = 0.5∑ Ao ,i H o1/,i2

(6)

i

where Ao,i and H o,i are the area (m2) and height (m) of ith opening respectively. cr is the fraction of
heat absorbed by the fuel surfaces in the total energy released inside the carriage, which has been
found to be 0.23 in these scenarios. cr,i is the fraction of heat absorbed by the ith fuel surfaces Ai, ∆Hc,i
is the heat of combustion (MJ/kg), Lp is heat of pyrolysis (MJ/kg), Ai is the ith surface area and At is
the total surface areas exposed to the internal flame and it is the sum of individual surface area Ai. The
total surface area includes all fuel surfaces and interior wall surfaces. The physical meaning of the
fraction cr,i is the heat from the combustion flame inside the carriage which is absorbed by the ith fuel
surface. The fraction of heat absorbed by the ith fuel surfaces could be zero at some location where no
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fuel is left, e.g. a wall fully covered by insulating materials.
Note that based on the term on the right hand side of Equation (4), the heat release rate per unit fuel
area (HRRPUA) can be defined as:

HRRPUA
= m ′′f ,max,i ∆H c ,i

(7)

In estimation of the maximum heat releases rate for one specific fuel, the exposed heat flux generally
needs to be pre-determined. Note that in fully developed carriage fires, the maximum gas temperature
normally in a range of 800 oC to 1000 oC, corresponding to a maximum radiation heat flux of around
75 kW/m2 to 150 kW/m2. The value of 75 kW/m2 could be used as an average effective value for all
the exposed fuel surfaces, which also partly due to that data corresponding to this heat flux can be
easily obtained from cone calorimeter tests. In case of lack of information, the values of HRRPUA for
different fuel types proposed by Ingason and Lönnermark [1] could be used.
The availability of doors and windows is a key parameter for design fires. The windows could break
up while exposed to high heat intensity. Windows breakage due to fires has been studied by many
researchers [13-16]. These studies suggest that the failure of the glazing doors and windows depends
on many factors including glazing material (including different types of glass and polymer materials
and different construction or treatments such as lamination and tempering/toughening) , glazing
thickness and surface area, glass defects (particularly micro cracks that are influenced by edge
treatment) and edge frame material. The failure of a modern tempered glass used in a train carriage
could be expected to occur for a gas temperature over 600 oC, or a heat flux over 40 kW/m2. In design
fires for carriages, the windows and doors could be assumed to fail after being exposed to high
temperatures while lacking of information.
Time to maximum heat release rate
The time to maximum HRR indicates how fast the fire grows up, that is, how fast the fire spreads
along the carriage. The time to maximum HRR differs significantly from one scenario to another, see
Table 1. The time to maximum HRR can be expected to be sensitive to type, location and size of the
ignition source and fuels, and the geometry of carriage. This parameter could be determined from the
full scale test data.
According to the full scale tests data shown in Table 1, the time to maximum heat release rate is in a
range of 5 min to 120 min. The time to maximum heat release rate in the metro test in EUREKA 499
programme is much shorter since the aluminium roof was burnt away completely during the tests.
Therefore the data from test 14 are not so useful for us. The time to maximum heat release rate is
mainly in a range of 15 min to 120 min for train carriage fires in those tests. The full scale metro
carriage tests in Brunsberg tunnel recently carried out by SP suggests that the time to maximum heat
release rate is approximately 13 min. That is, the fire curve in the growth period approximates the t
squared ultra fast curve. The ignition source corresponded to an arson fire, which supports the rapid
increase in the growth period. In summary, the time to maximum heat release rate could be chosen as
15 min for such type of train carriage fires, to be on the safe side, while lacking of information.
Li et al.’s work [9] shows that the fires in the Brunsberg tunnel tests in the METRO project behaved
as traveling fires after the critical fire spread occurred. In other words, the fire travelled along the
carriage at a quite constant speed. This indicates a linear fire growth rate. The flame spread rate along
the carriage is around 1.5 to 2 m/min. This information can be used for estimation of time to
maximum HRR in the design fire which will be shown in the applications.
Energy content
The total energy content of the fuels determines the duration of a fire, and is also correlated with the
maximum heat release rate. The fuels in carriages mainly consist of seats, wall linings, floor linings,
ceiling linings and luggage.
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Luggage
The luggage should be considered in estimation of the maximum HRR and the energy content. In the
framework of the METRO project, a field study was conducted to investigate the carried fuel load in
the Stockholm metro lines and also on the commuter trains, and lab sample tests were also carried out
[17, 18]. The results showed that in the metro carriages approximately 82 % of the passengers carried
bags, and the average weight of each carried piece of constituting a fire load in a metro carriage was
around 4.2 kg. The luggage ranged from small bags to pram, with each producing a heat release rate of 100
kW to 850 kW. On average two prams were brought per carriage set during 75% of the studied time
(rush hours and daytime). Further, it was found that 28% of the passengers asked carried some sort of
pressurized cans, like hairspray or other cans, mostly pressurized with flammable gas, which
significantly increases the heat release rate. In case of a fire, it is difficult to estimate how many
passengers will leave their luggage. However, we may expect that the passengers carrying suitcases,
large rucksacks and other heavy bags may have to discard their luggage during evacuation. Lab tests
were also carried out. The heat of combustion for the luggage varies from 17 MJ/kg to 35 MJ/kg. The
heat output for each luggage on average could be assumed to be in a range of 150 to 250 kW. As a
rough estimation, we may assume that 82 % of the passengers carry some sorts of luggage and 50 %
of them will abandon their luggage in case of a fire. The average heat release rate for each luggage
could be assumed to be 200 kW and an average heat of combustion of 25 MJ/kg could be used in the
estimation of the energy content.
ENGINEERING APPLICATIONS
Several examples of using the methodology proposed above for design fires in different scenarios are
presented here. From the safety point of view, it is assumed that in all the examples discussed below,
the critical fire spread occurs and the carriage fire finally becomes fully developed. Therefore, Eq. (4)
can be used to estimate the maximum HRR in all the cases.
Metro train carriage
Here we try to construct the fire curve in the METRO test 3. Based on the data obtained from the
METRO test 3, the maximum HRR is 77 MW and the time to maximum HRR is around 118 min.
From the fuel load, the energy content is estimated to be 60 GJ. The design fire for the METRO test 3
can therefore be constructed using the Eq. (1) and the result is shown in Figure 2. Note that the
average time to maximum HRR of 121 min is used rather than the realistic time to maximum HRR for
better correlation. It can be seen that the estimated fire curve correlates very well with the measured
fire curve. The maximum HRR could also be estimated using Eq. (4) and similar results can be
obtained.
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Double-deck train carriage
A double deck modern train carriage is 25 m long and 4.5 m high. In these types of train carriages, the
fire is normally ventilation controlled. In design fire, the ignition source should be assumed to be in
the lower deck rather than in the upper deck since the lower deck case is worse. The energy content is
assumed to be 50 GJ in the lower deck and 30 GJ in the upper deck. The maximum HRR can be
estimated using Eqs. (4) to (6) based on information about geometry and fuels. The maximum HRR is
estimated to be 45 MW for the lower deck and 25 MW for the upper deck. The time to maximum
HRR is estimated to be around 15 min for the lower deck. The time to maximum HRR for the upper
deck depends on how fast the fire spreads to the upper deck. Given that the combustible materials
outside the carriage are quite limited. The fire could spread to the upper deck only if the fire in the
lower deck increases to a certain level, that is, the external flame exists or the flame extends to the
upper deck along the staircase. In both cases, the heat release rate in the lower deck is of a
significantly large value, which could be estimated to be around 50 % of the maximum HRR for the
lower deck. At first we plot the design fire curve for the lower deck, based on which the starting time
for the fire spread to the upper deck can be estimated to be approximately 8.5 min. Therefore the time
to maximum HRR for the upper deck can be estimated to be 23.5 min.
Figure 3 shows the design fire curve for the double deck train carriage constructed using Eq. (1). The
total maximum HRR is 60 MW at 18.8 min. At the beginning of the fire, a heat release rate of 1 MW
is added as the output from the ignition source and limited fuels nearby. Note that a heat release rate
of around 2 MW was identified as the critical condition for rapid fire spread and sharp increase in the
fire curve for carriage fires [9].
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The design fire for a double-deck train carriage.

Tram carriage
A modern tram carriage consists of 6 sections with each having a length of 6 m. Note that a tram fire
involves quite limited fuel load and thus it is generally fuel controlled. Eq. (1) is used for estimation
of the maximum HRR for each section of the tram carriage. The key parameters for individual
sections in a tram are listed in Table 2. For each section, the maximum HRR is 12 MW and the energy
content is 5 GJ. The difference in time to maximum between neighbouring sections depends on the
spread speed. As mentioned earlier, Li et al.’s work [9] shows that for the travelling fires in a carriage,
the flame spread rate along the carriage is around 1.5 to 2 m/min. Here 2 m/min is selected for safety
reasons. Therefore the difference in time to maximum HRR between two neighbouring sections can
be estimated to be 3 min. The key parameter left is the time to maximum HRR for the first section.
This time is chosen to be around 10 min to assure that the heat release rate approximately reaches the
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maximum HRR at around 15 min.
Table 2

A summary of key parameters for individual sections in a tram.
Energy content, E
Maximum HRR, Qmax Time to maximum
Section no.
(GJ)
(MW)
HRR, tmax (min)
Section 1
5
12
10
Section 2
5
12
13
Section 3
5
12
16
Section 4
5
12
19
Section 5
5
12
22
Section 6
5
12
25
Sum
30
28
20.3

Figure 4 shows the design fire for the tram constructed using Eq. (1). The total maximum HRR is 28
MW at 20.3 min. At the beginning of the fire, a heat release rate of 1 MW is also added as the output
from the ignition source and limited fuels nearby. Clearly, it shows that after around 15 min the
design fire reaches a plateau, that is, the HRR reaches 25 MW and keeps at this level for around 10
min. This indicates that an extended carriage length has limited influence on the design fire, that is,
the maximum HRR for a longer carriage is approximately the same. We can also compare the design
fire obtained to the standard t square curve and it can be found that the design fire approximately
follows the fast curve before the plateau. Note that the choice of the time to maximum HRR for the
first section only affects the time to total HRR but not affect the total HRR and the shape of the design
fire.
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It should be kept in mind that the design fires proposed above are only suitable for the given carriages
in the design scenarios defined above, rather than for all vehicles of the same type and all scenarios.
For other carriages and other scenarios, the method proposed can be used to construct their own
design fires, depending on the information obtained and some reasonable assumptions.
CONCLUSIONS
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A new methodology of design fires for individual carriages is proposed. The design fire curve method
provides a convenient way for design fires. The three key parameters required for construction of a
design fire are the maximum HRR, time to maximum HRR, and energy content. This design fire
curve method could be employed to one single train carriage. As an alternative, a carriage could be
divided into several individual sections and this method should be considered as a better solution. The
choice of the methods depends on the information available. The accuracy of design fires strongly
depends on how well the knowledge about fire development in carriages is known. Recently we have
carried out series of full scale, medium scale and model scale carriage fire tests from which much
information has been obtained and the methodology of design fires for carriages has been developed
and validated.
A simple equation for the maximum heat release rates for fully developed carriage fires, Eq. (4), is
introduced. It can be easily used to estimate the maximum HRR of the whole carriage or each section
of the carriage. This parameter is a key to the design fire. Further, the energy content can be easily
estimated based on lab test data. The last parameter needed to be determined is the time to maximum
HRR, which differs significantly from one scenario to another. The time to maximum HRR could be
determined from the full scale test data similar to the specific design scenario. In most cases, a
conservative value of around 15 min could be chosen for the time to maximum HRR or the time to the
plateau of a design fire curve.
Three engineering applications are presented, including design fires for a metro train carriage, a
double-deck railway train carriage and a tram carriage. The estimated fire curve for the METRO test 3
correlates very well with the measured HRR curve.
The design fire curve method, Eq. (1) together with Eq. (4), can be used to construct design fire
curves for any fully developed carriage fires.
REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Ingason, H. and A. Lönnermark, Heat Release Rates in Tunnel Fires : A Summary, in In The
Handbook of Tunnel Fire Safety, 2nd edition, A. Beard and R. Carvel, Editors. 2012, ICE
Publishing: London.
Fires in Transport Tunnels: Report on Full-Scale Tests, 1995, edited by Studiensgesellschaft
Stahlanwendung e. V.: Düsseldorf, Germany.
Ingason, H., Model Scale Railcar Fire Tests. Fire Safety Journal, 2007. 42(4): p. 271-282.
Steinert, C. Smoke and Heat Production in Tunnel Fires. in The International Conference on
Fires in Tunnels. 1994. Borås, Sweden: SP Swedish National Testing and Research Institute.
Ingason, H., S. Gustavsson, and M. Dahlberg, Heat Release Rate Measurements in Tunnel
Fires, 1994, SP Swedish National Testing and Research Institute: Borås, Sweden.
Barber, C., A. Gardiner, and M. Law. Structural Fire Design of the Øresund Tunnel. in
Proceedings of the International Conference on Fires in Tunnels. 1994. Borås, Sweden: SP
Swedish National Testing and Research Institute.
Hadjisophocleous, G., D.H. Lee, and W.H. Park. Full-scale Experiments for Heat Release
Rate Measurements of Railcar Fires. in International Symposium on Tunnel Safety and
Security (ISTSS). 2012. New York: SP Technical Research Institute of Sweden.
Lönnermark, A., et al., Full-scale fire tests with a commuter train in a tunnel, 2012, SP
Technical Research Institute of Sweden: Borås, Sweden.
Li, Y.Z., H. Ingason, and A. Lönnermark, Correlations in different scales of metro carriage
fire tests, 2013, SP Technical Research Insititute of Sweden: Borås.
Ingason, H., Design fire curves in tunnels. Fire Safety Journal, 2009. 44(2): p. 259-265.
Ingason H. Design fire in tunnels. in Safe & Reliable Tunnels Innovative European
Achievements, Second International Symposium. 2006. Lausanne.
Ingason, H. Fire Development in Large Tunnel Fires. in 8th International Symposium on Fire
Safety Science. 2005. Beijing, China: International Association for Fire Safety Science
141

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

13.
14.
15.
16.
17.
18.

142

(IAFSS).
Bowditch P. A., et al., Window and Glazing Exposure to Laboratory-Simulated Bushfires.
CMIT Doc 2006-2052006, Melbounre, Australia: Bushfire CRC.
Harada K., et al. An experimental study on glass cracking and fallout by radiant heat
exposure. in Fire Safety Science - Proceedings of the 6th International Symposium. 2000.
London: IAFSS.
Mowrer F.W., Window Breakage Induced by Exterior Fires, 1998, National Institute of
Standards and Technology: Gaithersburg, MD, USA.
Strege S., L.B.Y., Beyler C., Fire Induced Failure of Polycarbonate Windows in Railcars.
Fire and Materials, 2003.
Kumm, M., Carried Fire Load in Mass Transport Systems - a study of occurrence, allocation
and fire behavior of bags and luggage in metro and commuter trains in Stockholm, 2010,
Mälardalen University: Västerås, Sweden.
Ingason, H., Kumm, M., Nilsson, D., Lönnermark, A., Claesson, A., Li, Y. Z., Fridolf, K.,
Åkerstedt, R., Nyman, H., Dittmer, T., Forsén, R., Janzon, B., Meyer, G., Bryntse, A.,
Carlberg, T., Newlove-Eriksson. L., Palm, A., The METRO project - Final report, 2012:
Västerås.

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

The Effect of Ventilation and Tunnel Geometry on the
Fire Heat Release Rate
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ABSTRACT
The heat transfer process, especially the thermal radiation process plays an important role in
governing the fire development in tunnel. This paper presented an analysis of the effect tunnel height,
flame drag and ventilation on the fire heat release rate (HRR) through modelling the thermal radiation
impact in the tunnel. The concept of the solid flame model was applied for a pool fire in the open air
and in tunnel with ventilation. The empirical parameters such as the pool diameter, flame height,
flame drag and flame tilt were used to describe the solid flame surfaces. The view factor for the
determination of thermal radiation from the solid flame surfaces to target plane was calculated up to
10 m length downstream of the fire. The overall thermal radiation impact over the 10 m length
showed that the tunnel height is the most influential factor in governing the potential maximum HRR
inside tunnel.
KEYWORDS: thermal radiation, tunnel height, ventilation, fire heat release rate
INTRODUCTION
Recent full scale and reduced scale tunnel fire tests have demonstrated that the maximum fire heat
release rate (HRR) from vehicles inside a tunnel could be significant greater than the HRR expected
from the same vehicles in the open air [1-3]. The relationship between the ventilation and the HRR in
the tunnel was investigated in small scale tunnel fire tests [1]. The tests demonstrated that using
higher ventilation produced higher maximum HRR and also reached the peak HRR quicker for the
same fuel load. However scaling the results from reduced scale tests to full scale tunnel remains a
challenging issue. The scaling techniques based on Froude Number [4-9] have been used and tested
for the buoyant backlayering in tunnels and prediction of the critical velocity. But the Froude number
preservation couldn’t be extended for the scaling of the heat transfer rate, especially the thermal
radiation heat transfer.
The fire development inside the tunnel is a complicated phenomenon which influenced by the nature
of the fuel, the tunnel geometry, the ventilation and the combustion kinetics. To simply the process, it
can be assumed that the combustion reactions are fast and in 100% efficiency, therefore the HRR can
be derived from the release rate of the volatile materials from the fuel bed which is determined by the
heat transfer rate in the near field of the fire. The objective of this paper is to model the thermal
radiation and convective heat transfer in the near filed of a tunnel fire directly without using scaling
parameters.
Flames produced in the accidental fires are usually diffusion flame in nature and the flames and the
smoke flows can be considered as optical thick. The flames could be treated as solid flames with the
thermal radiation emitting from the flame surfaces to the surroundings. The solid flame model is
commonly used to assess the thermal radiation hazards from a hydrocarbon fire. In this study, the
solid flame model is applied to assess the thermal radiation impact from the flames in tunnels. Under
the influence of the longitudinal ventilation, a fire in tunnel has three distinct features, which are the
tilted main flame, the flame base drag downstream of the fire and the flow under the tunnel ceiling.
Those three empirical features are used to describe the geometry of the flame for the calculation of
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thermal radiation heat transfer.
MODELLING THERMAL RADIATION
The solid flame model approach is a commonly used methodology to model thermal radiation hazards
form large open hydrocarbon fires. The solid flame approach approximates the geometry with
characteristics based on experimentally derived values and correlations for mass burning rate, flame
height, flame tilt and flame drag. Corresponding geometric view factors for the simplified geometry
shape and correlations for the surface emissive power (SEP) and the atmospheric transmissivity are
then multiplied together to estimate thermal radiation intensity at a specified distance. This approach
is expressed by the following equation:

q ′x′ = SEP × F (x ) × τ
Where q ′x′ is the radiant heat flux (kW/m2) arrived at the location X, SEP is the surface emissive
power (kW/m2) from the flame. F (x ) is the view factor, which is defined as the fraction of thermal
radiation emission from the flame surface to the target. τ is the transmissivity in atmosphere.
The view factor is determined mathematically based on the flame surface geometry and the location
and orientation of the target. There are a few methods to model the flame shape for the calculation of
the view factor. This paper selected two methods, which are a vertical cylinder flame and an
equivalent radiator method [10-11].
For a vertical cylinder flame with a height h and a ground surface radius r , the view factor of a plane
surface at ground level whose normal lies in one vertical plane with the axis of the cylinder as shown
in Figure 1 is given as the following:
For a horizonal surface, the view factor is given [11]:
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where
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A different approach is the equivalent radiator method. The cylinder flame is projected as a vertical
flame as shown in Figure 2 . For a target located at x with a vertical surface, the view factor is:
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and for a target with a horizontal surface, the view factor is:
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x
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x

The maximum view factor Fm is the geometric mean of the view facto Fv for vertical surface and Fh
for the horizontal surface.

(

Fm = Fv2 + Fh2

)

1

2

Eq5

Flame radius r
Height h

Distance x
Figure 1: The view factor for solid flame model: vertical cylindrical flame to target surface.

Flame radius r
Height h

Distance x
Figure 2: The view factor for equivalent radiator model: vertical flame to target surface.

145

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

View factor

A comparison of the maximum view factor predicted from the solid cylindrical flame model and
equivalent radiator model is shown in Figure 3 for a pool fire with 1m radius pool diameter and flame
height 5 m. It is shown that the cylindrical model produced slightly higher view factors. Large pool
fire tests showed that the thermal radiation in the pool area is 25% of the thermal emissive power of
the flame and the cylindrical flame model tend to overestimate the thermal radiation. Therefore the
equivalent radiator model was used in this study to model the thermal radiation in tunnel fires.
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Figure 3: Comparison of the maximum view factor predicted from the solid cylindrical flame model
and equivalent radiator model for a pool fire with 1 m pool radius and flame height 5 m.
MODEL THE EFFECT OF THE VENTILATION
The effects of wind on open pool fires have been tested in large scale tests. Wind generally causes a
flame to tilt and drag along its base. The flame drag ratio is defined as the flame drag distance to the
diameter of the pool. The flame drag has direct influence on the fire heat release rate of the pool fire.
In this study, the flame drag was considered as flame directly impinging the fuel surface located
downstream of the fire, therefore extending the flame base and increasing the fire size proportional.
The flame drag ratio correlation developed by Moorehouse [12] for an open pool fire is given as:
0.069

 u 

DR = 1.5
Eq6
 gd 
where the fire drag ratio DR is the ratio of flame drag length to diameter of pool fire, d, (m), u is the
wind speed (m/s). The effect of wind speed on the flame drag ratio of a 2 m diameter pool fire is
shown in Figure 4. It is shown that the maximum flame drag ratio is about 1.4.
It is difficult to determine the flame drag ratio in tunnel fire. However, for large tunnels it is expected
the effect of ventilation velocity on the fire is similar to the one of the wind on an open fire. In this
sense, the Eq6 was used to predict the flame drag in tunnels. Figure 4 shows that the flame drag
caused by the tunnel ventilation could increase the fire size by 1.2 times for low tunnel ventilation and
by 1.4 times for high ventilation.
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Figure 4: The flame drag ratio of a 2 m diameter pool fire varying with the wind velocity.
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MODEL THE THERMAL RADIATION
A case study was designed to examine the effect tunnel geometry and ventilation on the thermal
radiation impact of the tunnel surfaces. The fire was selected based on a realistic standard passenger
vehicle fire. A pool fire of 1 m radius was used to represent the vehicle fire. In the open without the
wind, the pool fire is often represented empirically by a vertical cylindrical flame of the radius of the
pool and a flame height of 2 to 3 times of the pool diameter. This study selected the flame height as 5
m to calculate the radiation heat transfer from the flame.
The empirical features of the flame under the influence the tunnel geometry and the absence of
ventilation are illustrated in Figure 5. The pool fire was located on the tunnel ground. The fire plume
would impinge the tunnel ceiling and establish a ceiling layer in both directions. To simplify the
geometry, it was assumed that the flame is a solid flame of 2 m in depth and width, and the ceiling
layer has uniform thickness and was also restricted its width to 2 m. Finally it was assumed a length
of 10 m (2 times of the flame length of the fire in open air) of the ceiling layer has the same surface
emissive power as the main flame due to the high temperature. The thermal radiation view factor was
calculated in relation to the flame surface and the ceiling layer surface.
Figure 6 illustrates the empirical flame features when the ventilation is added. The flame drag was
considered as increasing the flame based. The tilt angle of the flame, θ , would be determined by the
ventilation speed. This study takes θ as 30° for low ventilation fire and 60° for high ventilation fire.
Buoyant Plume & Intermittent Flames
Flame
Height

Ventilation
Flow

Fuel bed

Distance from flame

Figure 5: The illustration of the empirical features of the flame under the influence of the tunnel
geometry for the calculation of thermal radiation impact.
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Figure 6: The illustration of the empirical features of the flame under the influence of the tunnel
geometry and tunnel ventilation for the calculation of thermal radiation impact.
The Effect of Tunnel Height
In this study, the tunnel height means the clear overhead space between the target on the ground and
the surface of the ceiling layer. The effect of the tunnel height on the thermal radiation view factor is
shown in Figure 7. The overall thermal radiation impact was calculated by the integral of the view
147

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

factor over the 10 m length. The thermal radiation impact and the ratio of the overall thermal radiation
impact in the tunnel to the one in the open air are shown in Figure 8. It was shown that the tunnel
height has strong influence on the view factor. It was shown that with 5m clear overhead space, the
overall thermal impact over the 10 m length was doubled comparing to the impact of the fire in open
air. With 3 to 5 m overhead space, the thermal radiation impact increased slightly with the reducing
the overhead space. However, the thermal radiation impact increased dramatically for 2 m and 1 m
overhead space.
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Figure 7: Comparison of the thermal radiation view factor in different tunnel height.
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Figure 8: The overall thermal radiation impact over the 10 m length and the ratio of the overall
thermal radiation impact in the tunnel to the one in the open air.
Effect of Flame Tilt Angle
The ventilation acted as across wind on the flame and causes the flame to tilt. The flame tilt angle is
defined as the angle between of the flame axis to the vertical. The flame tilt angle is influenced by the
ventilation speed and usually is between 30° to 60°. The thermal radiation view factor was calculated
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Figure 9: Thermal radiation view factor with different tunnel heights and flame tilt angle.
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at 30° and 60° and five tunnel height and plotted in Figure 9. It was shown that at small tunnel height,
such as 1 m and 2 m height, the tilt angle had negligible effect on the thermal radiation view factor.
However, as the tunnel height increases, the title angle starts to increase the view factor significantly
over the 10 m tunnel length. A comparison of the overall thermal radiation impact over the 10 m
length downstream of the fire is shown in Figure 10. At the 5 m tunnel height, the overall thermal
radiation impact with the flame tilt at 60° was 1.5 times of the one at 30° tilt, and was doubled
comparing to the flame with no tilt.
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Figure 10: The thermal radiation impact over the 10 m length with different tilt angle.
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Figure 11: The combining effect of tunnel height, the flame drag and flame tilt angle in the heat
transfer comparing to the open fire.
CONCLUSIONS
The solid flame model has been applied to assess the thermal radiation impact from the flames in the
near field area inside the tunnel. The thermal radiation modelling provided an effective method to
investigate the effect of tunnel height and the ventilation on heat transfer rate and therefore to predict
the potential impact on the HRR of the fire. The thermal radiation assessment method could be
adopted to carry out detailed risk assessment in localized areas in tunnel.
Combining the effect of the tunnel height, the flame drag and the flame tilt angle on the heat transfer,
Figure 11 shows the potential fire enhancement rate inside the tunnel. It was shown that tunnel height
is the most influential factor controlling the fire size in tunnel. The ventilation affects the fire size in
tunnels with large height, and the influence of ventilation become less dominant if the overhead space
is small. Comparing to the same fire in the open air, the potential HRR could be 10 times for 1m
height tunnel, 6 to 7 times for 2 m height tunnel, 5 to 6 times for 3m height tunnel, and 4 to 6 times
for 4m or 5m height tunnel. The results agreed with some of the findings in other studies [1].
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Major fires in reinforced concrete road tunnels
Temperature Loads, distribution and concrete spalling
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Tunnels are key infrastructure constructions. The assessment of the consequences of fire events in
tunnels is therefore also a matter of major economic importance. A tank truck loaded with petrol on
fire represents such a fire event. As part of a research project for the Federal Highway Research
Institute (BASt), various scenarios for an extreme case, different rates of energy release and their
effect on tunnel safety by means of CFD and FEM simulations were examined. It was shown that
even fire scenarios with liquid pool fires of up to 28 t of petrol can be covered by the German
standard temperature-time curve. The following article summarises the most important results.
KEYWORDS: tunnel, fire, security, critical infrastructure, simulation, protection
1

INTRODUCTION

The tunnel fire events evaluated in the previous years (e.g. [1, 2]) clearly reveal that the tunnel
constructions can be subject to considerable temperature loads. Tunnel fires differ significantly from
fires in general buildings. They are characterised by a very fast rise in temperature and extremely high
temperatures. Both of these characteristics represent an exceptional load situation for the construction
and the construction material.
With conventional concretes, massive spalling may occur as a result of fire load, thus potentially
endangering the stability (e.g. [3 to 5]). Since tunnels represent key infrastructure projects, the
assessment of the effects of fire events is important not only from an engineering but also an
economic perspective. Such a fire event is a tanker loaded with 28 t of petrol, which catches fire in a
tunnel and whose burning load spills and spreads out in the tunnel depending on the gradient (socalled liquid pool fires). The assessment as to whether such petrol fire scenarios can lead to such high
temperatures or fast increases in temperature that the normal temperature-time scenario (ZTV-ING
curve [6]) considered in Germany in tunnel dimensioning is exceeded so significantly as to create a
load capacity problem was the subject of a BASt research project in Germany founded by the joint
research project "Protection of critical bridges and tunnels (SKRIBTPlus)”, on the results of which this
article is based.
Based on the insights gained from a previous BASt research project [8], the time frames of the rate of
energy release, the liquid pool geometry and the heating behaviour of the concrete tunnel lining were
determined for various tunnel cross-sections. Thereby, the effect of the tunnel topography (constant
gradient or trough-shaped longitudinal profile of the road), cross-section geometry (rectangular or
vaulted cross-section), the spillage speed (300 kg/s or 20.6 kg/s in accordance with [9]) and the traffic
situation (unidirectional or contraflow traffic) was identified.
2
2.1

MODEL DESCRIPTION
Introduction

In order to describe a liquid pool fire, a multistage modelling was selected. In the first stage, the
geometry of the burning pool was iteratively determined on a time-dependent basis by the solution of
the mass balance condition
MEscape = MFire + MFlow-off + MPool

(1)
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using a NEWTON-RAPHSON procedure. Both the geometrical boundary condition (cf. Section 2.2)
and the boundary conditions complying to the guideline on Road Tunnel Equipment and Operation
RABT [10] in Germany, i.e., that the maximum leakage of the slot gatter is 100 l/s (in relation to a
length of 50 m), were taken into account. The description of the time-dependent heat release rate is
based on experimental investigations documented in [8], whereby an increase in the mean heat release
rate from 4 mm/min (value from literature) to up to 6.3 mm/min. Based on the time-dependent pool
geometry ascertained, the second stage consisted of a CFD simulation using FDS [11], taking all the
boundary conditions (tunnel topology, vehicle configuration, pools, jet ventilators etc.) into account.
This CFD simulation also considers the effects of ventilation and oxygen supply.
For the flammable liquid, petrol was used with the following parameters:
- Gas phase reaction for “Octane” (C8H18)
- Heating value = 44.1 MJ/kg [12]
- Density = 780 kg/m³ [12]
- Smoke/Soot particle yield or creation rate yco = 0.07 g/g or ysoot = 0.11 g/g [13].
2.2

Determining the pool geometry

The liquid pool and its propagation behaviour are influenced by the tunnel topography. In the case of
a tunnel with a constant gradient, the liquid pool propagates (ignoring the transverse gradient) in one
direction only (according to the gradient) and the pool height is approximately constant. This case is
less favourable than the case where a transverse gradient is taken into account and is therefore
regarded as the “worst-case scenario”.
For a tunnel with a trough-shaped longitudinal road profile, it is generally assumed that the leakage
takes place at the lowest point. The pool propagation therefore ensues in two directions and the pool
height is dependent on the pool radius, but virtually independent of the transverse gradient. For the
calculation of the amount of liquid leakage, it was assumed that a slot gatter with a capacity of 2 l/s
for a maximum capacity 100 l/s is set out along the hard shoulder / emergency walkway.
2.3

Influences from tunnel use

In compliance with RABT [10], contraflow tunnels in Germany with a minimum length of 400 m and
unidirectional tunnels with a minimum length of 600 m are equipped with a mechanical longitudinal
ventilation. As part of a research project, a tunnel having a total length of 1,200 m and equipped with
a total of ten jet ventilators (set in pairs 240 m apart starting from the centre of the tunnel), was
considered (Figure 1).

Figure 1

Jet Fans in the simulation model

By definition, these jet ventilators possess a cross-sectional area of 1.0 m², a power output of 30 kW
and a maximum volume flow of 19.6 m³/s. The internal distance in the transverse direction between
the two jet ventilators in the pair is 7.0 m for the rectangular tunnel, and 1.0 m for the trough-shaped
tunnel. The internal distance to the tunnel roof is 0.5 min in each case. A failure of the two ventilators
closest to the source of the fire was simulated for the purposes of considering the destruction caused
by the fire. All the other ventilators ensure a volume flow of 19.6 m³/s 120 seconds following the
154

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

outbreak of the fire.
A two-lane tunnel cross-section was investigated for both the case of a unidirectional tunnel and the
case of a contraflow tunnel. Every seventh vehicle was a truck, which was modelled as a non-flowthrough obstacle. It was assumed that the liquid leakage was caused by an accident involving two
trucks. The clearance distance of adjacent vehicles in the congestion resulting from the accident is 1.0
m in the direction of travel. The clearance distance of adjacent vehicles at right-angles to the direction
of travel in the case of contraflow traffic is 2.0 m.
2.4

CFD modelling

One possibility to determine the hot gas temperature as a result of fire is the use of numerical flow
simulations (Computational Fluid Dynamics - CFD). A CFD code especially developed for fire
protection issues is the “Fire Dynamics Simulator” (FDS) field model from the National Institute of
Standards and Technology (NIST) [11].

Figure 2

"Accident" at oncoming traffic
scenario

Figure 3

"Accident" at unidirectional traffic
scenario

The FDS modelling (cp. Figure 2 and Figure 3) was verified using comparative calculations with an
independent programming system [14] and, in particular, the heat release rate validated based on an
original scale major fire experiment [8].
2.5

FEM modelling

The Finite Element Method (FEM) was used for the calculation of the heating behaviour of concrete.
All the material parameters were taken into account – dependent on temperature – in compliance with
DIN EN 1992-1-2 [7] (Figure 4). The programming system used is based on “Matlab”. The element
approaches and material models were verified by means of independent comparative calculations with
ANSYS and Sofistik software and validated using measured temperature-time curves from structural
component experiments (e.g. stressed tunnel fire experiments in accordance with [3] for various
distances to the surface exposed to fire) (cf. also [14]).
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Fig. 4

3
3.1

Specific heat of concrete with siliceous aggregate in function of the temperature and
moisture (above) as well as upper (1) and lower limit (2) of the thermal conductivity of
concrete in accordance with DIN EN 1992-1-2
CALCULATION RESULTS
Pool characteristics

The size of the liquid pool and thus the heat release rate as well as the period of the fire are
significantly affected by the quantity of liquid leakage from the tank and the tunnel topology. The size
of the liquid pool also influences the proportion of the quantity of flow-off and burning liquid. A few
characteristics of the liquid pool fires examined are summarised in Table 1. The largest sized pools
and thus the highest heat release rates are created in the tunnel with constant gradient at 300 kg/s of
liquid leakage. For tunnels with a trough-shaped longitudinal road profile and a liquid leakage rate of
300 kg/s, the drainage capacity is also achieved. Nevertheless, even with these tunnel fire scenarios
with a liquid leakage rate of 300 kg/s, the drainage ensures that only a small percentage of the
flammable liquid does actually burn, most of the liquid leakage by far flows into the tunnel drainage
(cf. Table 1). An even higher capacity drainage would further reduce the quantity of liquid burned and
thus the effects of the fire. It is only with the scenarios examined with a leakage speed of 20.6 kg/s
that the flow-off quantity of liquid is not limited by the drainage capacity. Notwithstanding the fact
that there exists sufficient oxygen available for the liquid to burn, approx. 60 - 70% of the flammable
liquid flows into the drainage. Thus the drainage is key to the limitation of the effects of a liquid fire
in tunnels. It is only with the scenarios examined with a leakage speed of 20.6 kg/s that the flow-off
quantity of liquid is not limited by the drainage capacity. Notwithstanding the fact that there exists
sufficient oxygen available for the liquid to burn, approx. 60 - 70% of the flammable liquid flows into
the drainage. Thus the drainage is key to the limitation of the effects of a liquid fire in tunnels.
For tunnels with a constant longitudinal gradient and a leakage rate of 300 kg/s, it is possible to
determine short-term heat release rates in the gigawatt range (Figure 5, below). The reason for this
lies in the relatively large pool propagation speed. These high heat release rates, however, can only be
detected for extremely short periods, thus preventing any meaningful direct conclusions to be drawn
on so-called design fires. On the other hand, for the scenarios with a leakage speed of 20.6 kg/s, a
relatively constant heat release rate time curve can be determined (Figure 5, top). All of the scenarios
examine exhibit mean heat release rates of up to 350 MW. These HHRs correspond approximately to
the literature figures provided for upper limits (cf. [2, 15] for example).
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Table 1:

Fire duration, representative values for the absolute amount and their relative
proportion is related to the fluid of the burning and flowing liquid, maximum energy
release rate, fire ratings, and released total amount of energy for the 16 investigated
scenarios

Scenario

Leakage Duration
speed in of liquid
kg/s
fire in
min

RectGrad2Way300
RechtGrad1Way300
RectGrad1Way300
RectGrad2Way20,6
RecGrad1Way20,6
RectThrough2Way300
RectThrough1Way300
RectThrough2Way20,6
RectThrough1Way20,6
ArchGrad2Way300
ArchGrad1Way300
ArchGrad2Way20,6
ArchGrad1Way20,6
ArchThrough2Way300
ArchTrough1Way300
ArchThrough2Way20,6

300
300
20.6
20.6
300
300
20.6
20.6
300
300
20.6
20.6
300
300
20.6
20.6

5
5
23
23
6
6
23
23
5
5
23
23
6
6
23
23

Amount
of
burning
liquid in
kg and
%

3 900/14
3 600/13
9 800/35
9 000/32
2 000/7
2 000/8
7 300/26
7 300/26
4 800/17
4 800/17
10 000/36
9 000/32
2 500/9
3 100/11
7 600/27
7 600/27

Amount
of
flowing
liquid in
kg and
%

24 100/86
24 400/87
18 200/65
19 000/68
26 000/93
26 000/92
20 700/74
20 700/74
23 200/83
23 200/83
17 900/64
19 000/68
25 500/91
24 900/89
20 400/73
20 400/73

Maximum
energy
release
rate
(HHR) in
MW
1 400
1 350
330
290
280
340
240
250
1 150
1 600
330
300
380
430
250
250

Design
fire
rating
in MW

Total
heat in
GJ

320
280
325
285
260
300
235
245
550
500
325
290
350
400
240
240

170
150
420
380
90
100
320
320
200
200
440
380
110
240
320
320

Table 1 shows in summarised form representative values of the maximum heat release rate (HRR), the
design fire rating resulting from the CFD simulation and the total quantity of heat released. The
determination of the design fire powers ensued in accordance with the specifications refered in
RABT, Section 4.3.2. It is defined as “the power only reached or exceeded during a short time of a
few minutes” (cf. [10]. In Table 1, the time is indicated as approx. 2 minutes. The maximum heat
release rate is defined here by the power reached or exceeded for 30 seconds.
Duration of fire, representative values for the absolute quantity and its proportion of burning and
flow-off liquid in relation to the leaking liquid, maximum heat release rates, design fire ratings and
total released quantity of energy for the 16 scenarios examined
In all scenarios with a leakage rate of 300 kg/s, less liquid is burned overall than in the scenarios with
a leakage rate of 20.6 kg/s. The scenarios with leakage quantities of 20.6 kg/s thus have the greatest
impact on the supporting structure.
3.2

Adiabatic component temperatures and temperature-time curves

Adiabatic temperatures contain not only the convective portion but also the radiation portion, and are
thus the ideal input parameter for calculation of the heating behaviour of the structural components
using numeric simulations (cf. [16] for example). Significant differences can be again determined
between the scenarios with a stationary pool (leakage quantities of 20.6 kg/s or trough-shaped
longitudinal road profile) and the tunnels with a constant longitudinal gradient and leakage quantities
of 300 kg/s. While extremely high temperatures can be determined above the pool and in the area of
the escaping hot gases in the scenarios with a stationary pool, tunnels with a constant longitudinal
gradient and leakage quantities of 300 kg/s exhibit extremely high temperatures over the entire length
of the tunnel (Figure 6). Table 2 shows in summarised form the maximum value of the adiabatic
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component temperatures of the wall and ceiling, and roof ridges, respectively, as well as the adiabatic
component temperatures, which exceed 900 seconds in scenarios with 20.6 kg/s or 300 seconds in
scenarios with 300 kg/s on the wall and ceiling.
Temperature-time curves characterise both a fire and the effect on the supporting structure. A
different temperature-time curve can be ascertained at each part of the tunnel. In this regard, it is
necessary to determine a representative curve that is still sufficiently on the safe side, to act as input
parameter for the heating behaviour calculation and thus as input parameter for the fire protection
design. The ZTV-ING temperature-time curve valid in Germany is used as a benchmark (cf. [6]). The
following criteria were applied for the determination of the “representative” temperature-time curve:
- Maximum integral averaged over the width of the tunnel of the adiabatic structural component
surface temperature over the duration of the fire (Criterion 1),
- Maximum period, within which the adiabatic structural component surface temperature averaged
over the width of the tunnel over the period under review exceeds the critical value of 1,200 °C
(Criterion 2),
- Maximum period, within which the integral of the adiabatic structural component surface
temperature averaged over the width of the tunnel over the period under review exceeds the ZTVING curve energy entry in the same period (Criterion 3).
These numerically determined temperature-time curves are evaluated (i.e. smoothed) and then
restricted to a few points of discontinuity. Figure 7 exemplarily shows the numerically determined
temperature-time relationships (above) and the evaluated curve (below) taking the example of the
tunnel with a constant longitudinal gradient, vaulted cross-section and oncoming traffic for the
leakage rate of 20.6 kg/s. The ZTV-ING and RWS temperature-time curves are depicted in a period of
up to 30 minutes for presentation purposes. It can be determined that the increase in temperature
ensues more quickly than in the ZTV-ING temperature-time curve.
Moreover, it can be determined that for all the scenarios examined, smaller energy yields result than
from the ZTV-ING temperature-time curve up to the period of 30 minutes, and thus also generally
smaller than from the complete ZTV-ING temperature-time curve.
Maximum values of the adiabatic component surface temperature and the adiabatic component
surface temperature exceeding 900 or 300 seconds for the 16 scenarios examined.
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Tunnel section in m

HRR in MW

Adiabatic ceiling temperatures in °C

Time in sec

Time in sec

Figure 5

3.3

Time dependent energy release
rate for a tunnel with constant
inclination, arched section and
oncoming traffic for the leakage
of posure in the example of the
tunnel 20.6 kg/s (above)and
300 kg/s (below)

Tunnel section in m

Figure 6

Adiabatic ceiling temperatures depending on the location within the
and the duration of exposure in the
example of the tunnel with constant
inclination, vaulted section an on
coming traffic for the leakage of
20.6 kg/s (above) and 300 kg/s
(below)

Heating behaviour

The temperature-time curves evaluated serve as an input parameter for the time-dependent heating
behaviour according to Section 2.5. The temperature dependent material parameters are taken in
account in accordance with EN 1992-1-2 [7] (cf. also Figure 4).
Figure 8 shows the time curve of the component temperatures in differing distances to the fireclaimed surface in comparison to the structural component temperatures obtained from a ZTV-ING
temperature-time curve. It can be noted that as a result of the greater increase in temperature of the
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major fire scenarios examined, a faster heating of the section ensues in the first few minutes of the
fire. Due, however, to the drop in temperature under 1,200 °C of the temperature-time curve a few
minutes following the outbreak of the fire, no permanently higher temperatures are noticed within the
concrete cross-section.
Table 2:
Scenario

Maximum values of the adiabatic component surface temperature and adiabatic
component surface temperature 900 s or 300 s be exceeded for the 16 investigated
scenarios
Maximum adiabatic
Maximum adiabatic
component surface
component surface
temperature in °C
temperature for 900 s or 300
s in °C

RectGrad2Way300
RectGrad1Way300
RectGrad2Way20,6
RectGrad1Way20,6
RectThrough2Way300
RectThrough1Way300
RectThrough2Way20,6
RectThrough1Way20,6
ArchGrad2Way300
ArchGrad1Way300
ArchGrad2Way20,6
ArchGrad1Way20,6
ArchThrough2Way300
ArchThrough1Way300
ArchThrough2Way20,6
ArchThrough1Way20,6

1 250
1 300
1 350
1 300
1 400
1 500
1 300
1 200
1 350
1 300
1 350
1 100
1 300
1 400
1 350
1 100

450
500
850
1 000
750
950
850
900
850
750
800
800
800
1 000
800
800

Criterion 1
Criterion 2
Criterion 2

Time in sec

Figure 7

Temperature in °C

Temperature in °C

RWS-Curve

Time in sec

Temperature time curves determinded by means of CFD simulation (above) and
weighted history (below) when compared to the ZTV-ING- or RWS-curve in an example
of the tunnel with constant inclination, vaulted section and oncoming traffic for the
leakage of 20.6 kg/s

Based on the intersection point of the paired, temperature curves belonging together marked in black
and grey, it is possible to derive from Figure 8 that the component temperatures resulting from the
ZTV-ING temperature-time curves after approx. 15 minutes are higher than those obtained from the
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liquid pool fires examined. This time is conservatively estimated. If the temperature-time curves
determined from the simulations were to be directly used without evaluation, the duration of the time
until temperature uniformity would be less.
Table 3 shows in summary form the time, at which the component temperatures are the same in 1 cm
or 3 cm intervals to the fire-claimed surface as a result of the evaluated, conservatively estimated
temperature-time curve for the fire scenarios examined and the ZTV-ING temperature-time curve.
Time for the 16 scenarios examined, for which the component temperatures are the same at a depth of
1 cm or 3 cm, measured from the fire-claimed surface, as a result of the evaluated temperature-time
curve and the ZTV-ING temperature-time curve.
3.4

Evaluating the spalling behaviour

Figure 8

1 cm distance to the fire
claimed surface
Distance to evaluation point 1 cm

1 cm distance to the fire
claimed surface

Temperature difference in K

Component temperatures in °C

Concrete spalling generally ensues in the first 10 - 25 minutes of the exposure to fire (cf. [3 to 5], for
example). The cause of the spalling is the internal pore pressure resulting from the evaporation of the
free water and water physically bound in the concrete, the effect of which is superimposed by the
constraints and shear stress resulting from the unequal heating, and leads to local strain failure in the
concrete. Concrete spalling can be countered by suitable concrete mixes, to which polymer fibres (e.g.
PP fibres) are added [3]. Conventional mixture designs or concretes without sufficient quantities of
polymer fibres frequently exhibit extremely large spalling of several centimetres. To that extent, it is
difficult to predict the concrete spalling to be expected in a tunnel arising from the liquid fires
examined, because this prediction crucially depends on the high-temperature behaviour of the material
used and thus on each individual case. General conclusions on the behaviour, however, are possible.

Distance to evaluation point 1 cm

Time in min

Time in min

Time dependent component temperatures in various distances to the fire claimed surface
(above) as a result of valuated temperature time curve (black) and ZTV-ING temperature
time course (grey) and the time course of the difference of the component temperatures
(below) using the example of a tunnel with a constant pitch attitude that vaulted crosssection and oncoming traffic for the leakage of 20.6 kg/s

A sharper increase in temperature compared with the ZTV-ING temperature-time curve generates a
faster heating and thus evaporation of the water in the first minutes of the fire. The required
permeability, ensured by the melted polymer fibres, is thus higher than in the case of lower increases
in temperature, since the volume of water vapour released, which is solely dependent on the concrete,
has to be transported away in a short time. On the other hand, the component temperatures differ only
negligibly from each other from a distance of approx. 2 cm to the fire-exposed surface, so that a
similar spalling behaviour can also be expected [4]. If use is made again of the concrete spalling
behaviour comparison for fire tests by means of the modified hydrocarbon curve, then these tests
reveal that initial spalling occurs in a period of 2 - 4 minutes following the outbreak of the fire.
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Therefore this behaviour can also be assumed for the liquid fires examined. If spalling occurs as a
result of exposure to fire, then the newly created surface is also immediately subjected to high
temperatures. This increase in temperature is comparable to the rise in temperature resulting in the
liquid fire scenarios examined.
If this observed phenomenon is transferred to the 16 liquid fire temperature-time scenarios examined,
then it can be concluded that although a rather higher degree of concrete spalling is expected in the
first minutes as a result of the sharper increase in temperature, the extent of the spalling at the end of
the fire will not be greater than the spalling determined by a fire under the same boundary conditions
and ZTV-ING temperature-time curve. The basic conclusions established in [3, 4] are directly
applicable to the scenarios considered. A higher quantity of added PP fibre is not required for the
scenarios considered. The experimental investigations necessary to secure this statement are still
pending.
Table 3:

Time for the 16 investigated scenarios, which are the component temperatures at a depth
of 1 cm or 3 cm, measured from the fire claimed surface, as a result of valuated
temperature-time course and ZTV-ING temperature-time course

Scenario
RectGrad2Way300
RectGrad1Way300
RectGrad2Way20,6
RectGrad1Way20,6
RectThrough2Way300
RectTrough1Way300
RectThrough2Way20,6
RectThrough1Way20,6
ArchGrad2Way300
ArchGrad1Way300
ArchGrad2Way20,6
ArchGrad1Way20,6
ArchThrough2Way300
ArchThrough1Way300
ArchThrough2Way20,6
ArchThrough1Way20,6

4.

Time for temperature
uniformity in a depth of 1 cm
in minutes
ca. 10
ca. 9
ca. 8
ca.10
ca. 9
ca. 9
ca. 8
ca. 9
ca. 9
ca. 9
ca. 8
ca. 7
ca. 8
ca. 9
ca. 8
ca. 8

Time for temperature
uniformity in a depth of 3 cm
in minutes
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15
ca. 15

ASSESSMENT AND SUMMARY

On the basis of the results of the calculations, the importance of tunnel drainage to limit the effects of
a liquid pool fire is directly evident. For tunnels with a trough-shaped longitudinal road profile and
tanker liquid leakage of up to 300 kg/s, the proportion of the actually burning liquid is in the singledigit percentage range.
In scenarios with the comparably less petrol leakage of 20.6 kg/s, the ratio of the burning liquid to the
total quantity has a maximum value of approx. 0.35. This means that only approx. 35% of the liquid –
namely some 10,000 kg (approx. 12,500 l) – will burn. The major proportion is thus taken up in the
tunnel drainage. These scenarios approximate the upper limit of the energy released for all the
scenarios with a leakage > 20.6 kg/s, because these fires are no longer (or only minimally) controlled
by ventilation. Larger leakages cause large pools, as a result of which more liquid is taken up by the
drainage. This, however does not result in a higher overall release of heat but only in somewhat higher
short-term heat release rates due to the lack of oxygen and the greater proportion of flow-off liquid.
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The heat release rates and total energies determined thus correspond as far as possible to the upper
limits for tunnel fires provided in the literature (cf. [2, 15], for example).
Although the maximum gas temperatures can exceed 1,200 °C in the short term, the effects on the
supporting structure of tunnels are in part significantly less over time than as a result of a fire, whose
temperature-time curve corresponds to the ZTV-ING curve. This includes fires of trucks loaded with
solids, which although developing more slowly, exhibit a longer fire duration.
The spalling behaviour of the concrete will also not be significantly stronger than in the case of the
comparative fire specified – at least from consideration based on experience. Experimental
confirmation of this conclusion, however, is still pending. In summary, it can be ascertained that even
in the case of the major fire scenarios examined with liquid pool fires involving 28 t of petrol, the
thermal stress acting on the structure is sufficiently accurately described (or lies on the safe side) by
the ZTV-ING temperature-time curve.
Due to the boundary conditions selected, however, it is not a straightforward matter to generalise the
results. The vehicles in the tunnel only present flow obstructions in the modelling selected, but no fire
load. If, for example, a truck containing flammable solids (wooden pallets, plastics or similar) were to
catch fire, then the fire would be of significantly greater duration, resulting in a markedly higher
thermal stress on the supporting structure and therefore a corresponding danger of the loss of its loadbearing capacity.
In contrast to the fires with leakage rates of 20,6 kg/s, these fire scenarios involving a higher fire load
would be ventilation-controlled, i.e., the heat release rate is limited by the oxygen available. To this
extent, the duration of the fire would be extended – assuming that further flammable solids are
available for this purpose. This issue could be addressed by a calculation, corresponding to the
extended ZTV-ING temperature-time curve recently implemented for specific individual cases. An
increase of the maximum temperatures, however, is not required based on current knowledge.
5.
[1]

REFERENCES
Eurotest: Chronology: Serious Tunnel - Accidents Since 1970. Brussels, 2010,
http://www.eurotestmobility.com/eurotap.php?itemno=245&lang=en (02.03.2010)

[2]

Beard, A.; Carvel, R.: THE HANDBOOK OF TUNNEL FIRE SAFETY. TH. TELFORD PUBLISHING,
2005

[3]

Dehn, F.; Nause, P.; Hauswaldt. S.; Apel, F.; Willmes, M.: BRAND- UND ABPLATZVERHALTEN
VON SELBSTVERDICHTENDEM BETON (SVB) FÜR DEN TUNNELBAU – DER CITYTUNNEL MALMÖ
ALS BEISPIEL. BETON- UND STAHLBETONBAU 102 (2007), S. 4-49 (IN GERMAN)

[4]

Dehn, F.; Nause, P.; Juknat, M.; Orgass, M.; König, A.: BRAND- UND ABPLATZVERHALTEN
VON FASERBETON IN STRAßENTUNNELN. SCHLUSSBERICHT ZUM BAST-FORSCHUNGSPROGRAMM STRAßENWESEN FE 15.448/2007/ERB, MFPA LEIPZIG GMBH, 2007 (IN
GERMAN)

[5]

Dehn, F.; Koenders, E.A.B. (Ed.): PROCCEDINGS OF 1ST INTERNATIONAL WORKSHOP ON
CONCRETE SPALLING DUE TO FIRE EXPOSURE. LEIPZIG, 2009

[6]

ZTV-ING: BUNDESANSTALT FÜR STRAßENWESEN - ZUSÄTZLICHE TECHNISCHE
VERTRAGSBEDINGUNGEN UND RICHTLINIEN FÜR INGENIEURBAUTEN, TEIL 5 TUNNELBAU, 2012
(IN GERMAN)

[7]

DIN EN 1992-1-2: 2010-12: EUROCODE 2: BEMESSUNG UND KONSTRUKTION VON
STAHLBETON- UND SPANNBETONTRAGWERKEN - TEIL 1-2: ALLGEMEINE REGELN TRAGWERKSBEMESSUNG FÜR DEN BRANDFALL (IN GERMAN)

[8]

Dehn, F.; Kotthoff, I.; Neumann, N.; Hegemann, K.; Heide, U. & Schmidt, J.:
BRANDVERSUCHE IN TUNNELN UNTERSUCHUNGEN ZUM AUSTRITT BRENNBARER
163

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

FLÜSSIGKEITEN. SCHLUSSBERICHT ZUM BAST-FORSCHUNGSPROGRAMM STRAßENWESEN FE
15.0506/2010/ERB, MFPA LEIPZIG GMBH, 2011 (IN GERMAN)
[9]

Comité technique 3.3 Exploitation des tunnels routiers / Technical Committee 3.3 Road
Tunnel Operation: RISK ANALYSIS FOR ROAD TUNNELS. 2008

[10]

RABT: RICHTLINIEN FÜR DIE AUSSTATTUNG UND DEN BETRIEB VON STRAßENTUNNELN,
2006 (IN GERMAN)

[11]

FDS: HTTP://WWW.NIST.GOV/EL/FIRE_RESEARCH/FDS_SMOKEVIEW.CFM

[12]

Dinenno, P.; Drysdale, D.; Beyler, C.; Walton, D.; Custer, R.; Hall, J.; Watts, J.: SOCIETY OF
FIRE PROTECTION ENGINEERS. Bethesda, M. (Ed.) HANDBOOK OF FIRE PROTECTING
ENGINEERING. NATIONAL FIRE PROTECTION ASSOCIATION, QUINCY, MASSACHUSETTS, 2002

[13]

Hosser, D.: LEITFADEN INGENIEURMETHODEN DES BRANDSCHUTZES. VEREINIGUNG ZUR
FÖRDERUNG DES DEUTSCHEN BRANDSCHUTZES E.V. (VFDB), 2. AUFLAGE, ALTENBERGE,
DEUTSCHLAND, 2009 (IN GERMAN)

[14]

Schmidt, J.; Simon, P.; Schlee, S.; Dehn, F.: GROßBRÄNDE IN STRAßENTUNNELN.
SCHLUSSBERICHT ZUM BAST-FORSCHUNGSPROGRAMM STRAßENWESEN FE 86.0093/2012,
MFPA LEIPZIG GMBH, 2012 (IN GERMAN)

[15]

Schneider, U.; Horvath, J.: BRANDSCHUTZ-PRAXIS IN TUNNELBAUTEN. BAUWERK-VERLAG,
2006 (IN GERMAN)

[16]

Wickström, U.: ADIABATIC SURFACE TEMPERATURE AND THE PLATE THERMOMETER FOR
CALCULATING HEAT TRANSFER AND CONTROLLING FIRE RESISTANCE FURNACES. FIRE
SAFETY SCIENCE 9 (2009), S. 1227-1238

164

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Gas composition during a fire in a train carriage
Anders Lönnermark1,2, Alexander Claesson1, Johan Lindström1, Ying Zhen Li1, Mia Kumm2
& Haukur Ingason1
1
SP Technical Research Institute of Sweden, Borås, Sweden
2
Mälardalen University, Västerås, Sweden

ABSTRACT
Within the interdisciplinary research project METRO, two full-scale fire tests were performed with
ignition inside commuter train carriages in a tunnel. Both tests developed to fully flashover
conditions. The fire development was very different in the two tests. The main reason was the
difference in initial combustion behaviour between the case with combustible wall and ceiling lining,
and the case with a refurbished carriage using aluminium sheet covering the combustible lining as the
exposed interior surface. In the case with combustible lining a ceiling flame was developed, radiating
towards the seats and the luggage spreading the fire more quickly than in the case without exposed
combustible lining. Also in the gas concentrations, significant differences could be observed between
the two tests. During the tests, concentrations of O2, CO and CO2 were sampled and analysed at three
different heights. The paper focuses on the time resolved results of the gas concentration. The
development in gas concentration at different levels is presented and discussed in relation to the fire
development in the carriage. Results from calculations of time to incapacitation and fractions of an
incapacitating does are also included.
KEYWORD: tunnel, rail carriage, gas concentrations, full-scale fire experiments, carbon monoxide,
carbon dioxide, oxygen, METRO
INTRODUCTION
Most fatalities in fires are caused by high concentrations of toxic gases. Therefore, the conditions
inside a train and in the tunnel will have significant influence for the outcome of an accident and the
composition of the gases is of utmost importance for the passengers on a train trying to escape. This
includes variation both in space and time, which is very much related to the fire development, type of
fuel and fire conditions. The unique full scale tests presented here provides important data on gas
concentrations that can be used for future fire safety design of metro systems.
EXPERIMENTS
The full scale tests were performed in the old Brunsberg tunnel, located between Kil and Arvika in
western Sweden. This abandoned, 276 m long tunnel lies on an approximately 1 km long siding. It
was taken out of service when a new tunnel was constructed close by to reduce the sharpness of a
bend in the route. The tunnel height varied in these measurements between 6.7 m and 7.3 m with an
average of 6.9 m. The width at the ground level varied between 5.9 m and 6.8 m with an average of
6.4 m. For the full-scale fire tests, the project received two commuter train sets of the type X1,
donated by the Stockholm Public Transport (SL). Each train set consists of one motor carriage and
one manoeuvre carriage. In the fire tests, only the manoeuvre wagon from each train set was used.
The manoeuvre carriage was approximately 24 m long. There was a driver’s compartment at one end
and the length of the passenger compartment was 21.7 m. The width of the inside of the carriage was
3 m and the height along the centreline was 2.32 m. The height at the wall was 2.06 m.
During the test series, three fire tests were performed, one test with a fire initiated directly under the
carriage and two fire tests where the fire was initiated inside the carriage. The latter two ultimately
involved the entire carriage in the fire. For test 1 and test 2 the X1 train was used with original shape
and material, and the same carriage was used in both tests. The carriage used in test 3 was refurbished
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to be similar to a modern C20 wagon (used in the Stockholm metro). The seats were refitted using
X10 seats (relatively similar to C20 seats) and the walls and ceiling were covered by aluminium. This
meant that the width at the floor level was 2.99 m and the smallest width between the rounded walls
below the windows was 2.84 m. Note that the old walls and ceiling materials were retained behind the
aluminium lining. Test 1 will not be further discussed, but the focus of the paper will be on the two
full-scale tests (test 2 and test 3). Inside the carriage, temperature was measured at many positions,
both as single thermocouples near the carriage ceiling and in thermocouple trees. Furthermore, CO,
CO2, and O2 were sampled and analyzed in one position at three heights (marked with ‘G’ in Figure
1). The smoke density was also measured with a laser and photo cell system at three heights. In total
there were 67 sensors or sampling points inside the carriage.
P10

P31

P11
P28

P29

P26

P25

P24

P23

P27

P21

P20

P19

G

P18

P22

L

P17

P15

P14

P13

P12

P30

P16

P8

Thermocouple
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Plate thermometer

Figure 1

Instrumentation of the railway carriage.

Gas was sampled for analysis also at the measurement station in the tunnel at +100 m downstream of
the carriage. The gas analysis at the measurement station were used to calculate the heat release rate,
but could also be used to calculate total production of different species, in addition to studies of the
evacuation conditions.

Figure 2

Inlet pipe for the gas sampling inside the railway carriage. Shown are also examples of
pieces of luggage distributed in the carriage during the tests.

Figure 2 shows one of the inlet pipes for gas analysis in the railway carriage. The gas concentrations
in the train carriage, including CO2, CO and O2, were measured at 0.29 m, 1.20 m and 2.11 m from
the ceiling. Figure 3 shows the position of the gas analyses at the measuring station downstream the
fire. Shown in Figure 3 are inlet pipes at 0.83 m and 3.45 m over the railway sleepers. The inlet pipe
at 6.07 m is not visible at the picture.
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Inlet pipe 3.45 m over the railway
sleepers.

Inlet pipe 0.83 m over the
railway sleepers.

Figure 3

Gas sampling at the measuring station 100 m downstream of the fire.

The response time of the analysers inside the carriage was 30 s and the response time for the analysers
at the measurement station was 23 s. This has not been corrected for in the graphs in this paper. There
were three doors in each long wall of the carriage. All three doors on one side were open at the
ignition, while the other three were closed. Luggage was included as extra fuel load in test 2 and test
3, see Figure 2. More details on the experimental set-up and the measurements can be found in the test
report [1].
RESULTS
Both tests initiated inside the carriage developed to flashover conditions. In test 2 conducted with the
original seats and combustible linings, the maximum heat release rate (HRR) was 76.7 MW and
occurred 12.7 min after ignition [1, 2]. In test 3 conducted with the refurbished carriage (with more
modern seats and non-combustible aluminium wall and ceiling lining covering the original
combustible linings), the maximum HRR occurred after almost 118 min and was approximately
77.4 MW. This means that the maximum heat release rate was approximately the same in both tests,
but the time to reach maximum HRR differed significantly. The main reason for the difference in fire
growth rate between these two tests was the involvement of the combustible wall and ceiling lining in
the test conducted in the originally fitted X1 carriage.
The gas concentrations in the train carriage were measured at three different heights.
The most significant differences between the tests are the difference in oxygen concentration in the
ceiling and close to the floor. In test 2 the oxygen concentration is several percentages lower in the
ceiling compared to test 3, but close to the floor the oxygen concentration is lower for a longer time
period in test 3 compared to test 2 (see Figure 4). This difference is probably due to the fact that the
fire development before the fast increase was very different in the two tests. In test 3 there was a long
period of slow burning. This together with possible differences in the ventilation openings (breakage
of windows and doors) might have created differences in the local ventilation conditions. The lowest
oxygen concentrations reached were 0.8 % in test 2 and 0.07 % in test 3, closest to the floor level.
This means that even if all doors were open (three from start and the other three probably early in the
fire) and all windows broke as a result of the fire, there were positions in the carriage where the
oxygen was consumed and to which fresh air did not reach.
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Test 2: O2 concentration inside the carriage
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Test 3: O2 concentration inside the carriage
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Figure 4

Oxygen concentration (vol-%) in the train carriage during, test 2 (upper) and test 3
(lower). Measurements were made at approx. -3.4 m from the centre of the carriage.

Test 3: O2 concentration in the tunnel
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Figure 5
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Oxygen concentration (vol-%) in the tunnel, measured at the measurement station
(+100 m).
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Test 2: CO2 concentration inside the carriage
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Test 3: CO2 concentration inside the carriage
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Figure 6.

Carbon dioxide concentration (vol-%) in the train carriage, test 2 (upper) and test 3
(lower) Measurements were made at approx. -3.4 m from the centre of the carriage.

Test 3: CO2 concentration in the tunnel
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Figure 7

Carbon dioxide (vol-%) concentration in the tunnel, measured at the measurement
station (+100 m).
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The oxygen concentrations in the tunnel were measured at three different heights (0.83 m, 3.45 m and
6.07 m from the railway sleepers in the tunnel) at +100 m from train carriage centre. Unfortunately,
data from these gas measurements are not available from test 2. The results from test 3 are presented
in Figure 5. Near the ceiling the oxygen concentration decreased to approximately 12 %. The
corresponding measurements of the CO2 and CO concentrations in the tunnel are presented in Figure
7 and Figure 9. The maximum CO2 and CO concentrations close to the tunnel ceiling were
approximately 6.5 % and 0.5 %, respectively.

Test 2: CO concentration inside the carriage
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Test 3: CO concentration inside the carriage
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Figure 8

Carbon monoxide concentration (vol-%) in the train carriage, test 2 (upper) and test 3
(lower) Measurements were made at approx. -3.4 m from the centre of the carriage.

Not unexpectedly the differences in CO2 concentrations between test 2 and 3 correspond with the
differences in oxygen concentration. For all the gas concentrations in the carriage (see Figure 4,
Figure 6 and Figure 8), there is for test 3 a longer time period of low O2 concentration and high CO2
and CO concentrations. The highest measured CO concentrations were 9.3 % in test 2 and above 10 %
in test 3. The CO concentration inside the carriage increases quickly when the fire starts to spread in
the carriage. High concentrations of CO are reached at all three heights where gases were sampled,
but highest CO concentrations were reached at the lowest position, 2.11 m from the ceiling. For test 2
the most extreme values were found at the lowest position followed by the position closest to the
ceiling. This is different from test 3 where still the most extreme values were measured in the position
closest to the floor, but was followed by the measurements at the middle level. These differences
between the tests are interesting as is the fact that the extreme values were registered closest to the
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floor and not closest to the ceiling. Both these facts are most likely related to the flow situation in the
carriage and how the air enters the carriage. This in turn depends on the failure of the three doors not
opened at the start of the tests and on the breakage of the windows. The flow situation might vary
during a test and also at different positions in the carriage. The measured values are representative for
the situation in the middle between two pairs of doors, see Figure 1. In this discussion it is important
to note that in both tests the analysers react in the logical order as the smoke layer descends in the
carriage: first closest to the ceiling, then in the middle and finally closest to the floor. Since there is no
information concerning the timing of the breakage of most of the windows and the rupture of the
closed doors, the variation in ventilation conditions cannot be temporally specified in detail. However,
the differences between test 2 and test 3 can probably be related both to the difference in fire
development (the long period of a slowly burning fire in test 3 before a fast increase in fire intensity)
and the ventilation condition inside the carriage. The importance of the local ventilation conditions
were mentioned above and were seen also in tests with a scale model of the carriage where they are
further discussed and analysed [3].

Test 3: CO concentration in the tunnel
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Figure 9

Carbon monoxide concentration (vol-%) in the tunnel, measured at the measurement
station (+ 100 m).

The concentrations of different components in the fire gases are very important for the toxicity and
possibility for occupants in the carriage and tunnel to safely escape. The possibility for escape can be
modelled using relations for the fraction of incapacitation dose and the contribution to this from the
different components (in this case CO and CO2 and low O2). There is a combination effect of these
components and Purser described the relation between the fractional effective dose for incapacitation
[4-6]. If we assume constant concentrations the time to incapacitation can be calculated as:
t IN =

 3.317⋅10 ⋅[CO]


I

where
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1.036

⋅ RMV

[HCN]
+
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(
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.
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−
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(1)

 [CO 2 ] 
(2)
VCO2 = exp

 5 
and the resulting time is in minutes. RMV is the breathing rate (25 L/min for light activity) and I is the
COHb (carboxyhaemoglobin) concentration at incapacitation (30 % for light activity). The
concentrations [CO] and [HCN] should be given in ppm (volume) and the concentrations [CO2] and
[O2] should be given in percent by volume. Hydrogen cyanide (HCN) was not measured during the
tests and is, therefore, not discussed further here. If we for a moment look only at the effect of the CO
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concentration, the time to incapacitation can be calculated as
t IN =

36177
[CO]

(3)

where the CO concentration XCO should be given in ppm and the resulting time is in minutes. In the
calculations values for breathing rate (25 L/min) and COHb concentration at incapacitation (30 %)
related to light activity have been used.
In Figure 10 this relation between the CO concentration and the time to incapacitation is presented
graphically. Some selected gas compositions relating to the gas composition close to the floor for
different times during test 2 are presented in Table 1. In Table 2 the results from calculation of the
time to incapacitation are presented, included only the effect of CO (Equation (3)), CO + CO2
(Equation (1)) and CO + CO2 + O2 (Equation (1)), respectively. With these selected gas compositions,
the effect of the increased breathing rate caused by CO2 is obvious. When the effect of CO2 is
included the time to incapacitation for gas composition 4 decreased from 2.5 minutes to 0.96 minutes.
Even if the situation has been simplified and does not relate to a specific evacuation situation, the
calculations illustrate the importance of fast response and that the possibility for quick escape is of
utmost importance for the outcome of such a fire. CO2 also has a non-additative asphyxiant effect, but
it is relatively low at the selected CO2 concentration compared to the effects described and discussed
above.
If instead of the time to incapacitation, the fraction of an incapacitating dose is calculated, one reaches
the results presented in Figure 11. The results are presented for the different sampling heights in the
carriage. This again illustrates the fast increase when the smoke has reached the position.
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Figure 10
Table 1

Time to incapacitation as function of the CO concentration.

Selected times and corresponding gas concentrations in the time to incapacitation
analysis.
Gas composition Time (min)
CO (ppm)
CO2 (%)
O2 (%)
1
6.05
500
0.32
20.5
2
6.60
1000
0.50
20.2
3
8.34
5300
2.68
16.6
4
9.35
10200
4.88
12.7
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Table 2
Time to incapacitation based on CO, CO2 and O2 concentrations in different variations.
Gas composition
tIN with only CO,
tIN including effects of CO2
tIN including
according to Eq. (3) (min) (min)
effects of CO2 and
O2 (min)
1
57.8
53.3
53.1
2
28.2
25.3
25.2
3
5.0
2.93
2.91
4
2.5
0.96
0.94

Test 2: Fraction of an incapacitating dose inside the
carriage
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Figure 11

Fraction of an incapacitating dose for the different height in the carriage.

Test 3: CO/CO2 in the tunnel
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Figure 12

CO/CO2 ratio at different heights in the tunnel during test 3.

The absolute level of CO and CO2 varies with the intensity of the fire. However, if the combustion
conditions are of interest, the CO/CO2 ratio can give interesting information. The concentrations of
CO2 and CO in the tunnel are presented in Figure 7 and Figure 9, respectively. The CO/CO2 ratio
during test 3 is presented in Figure 11. The ratio varies during the test with a first peak soon after the
ignition. Then there is a long period of relatively constant condition before a slow increase. This
increase precedes the fast fire spread in the carriage and a fast increase in the CO/CO2 ratio. It can be
mentioned that the CO/CO2 ratio is between 0.02 and 0.05 when φ = 1 for several different fuels and
different types of fires [7]. A quick increase in the CO/CO2 ratio can be seen in Figure 11 where for
the upper two levels (3.45 m and 6.07 m) the ratio quickly increases from approximately 0.05 to
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approximately 0.15 and 0.2, respectively. This indicates that the combustion conditions were locally
under-ventilated even if the overall ventilation conditions were not. This is important for the toxicity
discussed above since the ventilation conditions have a significant impact on the combustion and on
the different species produced during a fire.
CONCLUSIONS
Gas concentrations were measured at three heights inside the carriage and at three heights in the
tunnel 100 m downstream of the carriage. High concentrations of CO and CO2 were reached quickly
inside the train carriage after the fire started to spread. In a similar way, low levels of oxygen
concentration were reached when the fire spread. The extreme values of CO, CO2 and O2
concentrations were in both tests registered at the lowest position, 2.11 m from the ceiling, while the
highest sampling point (0.29 m below the ceiling) registered the first and quickest change when the
smoke started to spread along the ceiling in the carriage. However, the order of the extreme values in
relation to the sampling heights differed between the two tests.
Calculations of the time to incapacitation and the fraction of an incapacitating dose illustrate the
importance of knowledge of the gas composition and of the possibility for quick response and
evacuation. The CO/CO2-ratio indicates that the combustion conditions were locally under-ventilated
even if the overall ventilation conditions were not.
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ABSTRACT
The focus of this paper is to deduce some flammability characteristics of rubber materials that are
common to vehicle tires and to compare the thermal magnitude of cargo quantities of vehicle tires to
other fuels that are publicly transported. In addition, we surveyed tire fire literature related to our
focus. Further, we conducted suppression tests on tire piles to evaluate agents to extinguish and
control tire fires. We used standard flammability testing procedures to explore ignition and heat
release rate parameters of conveyor belts and tires to develop the data. Results confirm that the area
heat release rate of non-retarded rubber materials is directly proportional to exposure flux intensity.
The critical exposure flux for ignition is approximately 20 kW/m2 and in large cross sections, has total
heat release magnitudes comparable to the heat released from comparable areas of liquid hydrocarbon
spills on solid surfaces.
KEYWORDS: tire fires, heat release rate, flammability, suppression, ignition
INTRODUCTION
The vast amount of tires fabricated, retreaded and discarded annually ultimately end up in storage and
recycling facilities and these accumulations constitute an unusually high fire risk potential. When fires
occur in accumulations of tires, they burn with high intensity, are very difficult to extinguish and can
create extremely hazardous environmental conditions. The flux of tires required to meet our economic
needs are transported over our railroads, highways, bridges and through our tunnels. The risk and
consequences of fire in transportable loads of tires has not been quantified probably because there are
insufficient data regarding rubber flammability and fire suppression tactics for large tire
accumulations.
The primary topic of this paper is to explore the flammability of rubber. In this case, "Rubber" is the
primary elastomer used to make tires and conveyor belts. Our focus is limited to analysis of the
ignition parameters and heat release rate of generic tire tread materials and conveyor belt coverings. In
addition, some tests reported in this paper compare the effectiveness of different agents to suppress
and/or control fires in stacked tire piles.
BACKGROUND
Since we were unable to find information in the open literature pertaining to the minimum ignition
energy or to heat release rates of tire or conveyor belt rubber covers, testing was authorized to
determine these critical flammability parameters. Most of these data were obtained using the
Intermediate Scale Calorimeter (ICAL; ASTM E1623). The tests for the tire material were conducted
at Pacific Fire Laboratory and the tests on the conveyor belt material at the Western Fire Center. Both
of these testing laboratories are located in Kelso, WA USA. The data produced included; ignition
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temperatures with and without a pilot source, peak and average heat release rates (HRR) and critical
irradiance for ignition of the conveyor belt and tire tread materials.
The most common rubber compositions used for both tires and high performance conveyor belts are
natural rubber (NR) and mixtures of NR and butadiene-styrene (SBR) [1] Bridgestone tire
promotional literature describes the approximate compositions of the major compounds in vehicle
tires by weight as: 30% NR, 10% Synthetic rubber (most likely SBR), 30% Carbon Black used as a
strengthening agent and solar sun block, 20% steel scaffolding and 10% other agents such as sulfur to
promote cross linking during vulcanization and agents including zinc oxide (ZnO) to affect the cure
rate. Because one of the focus areas of this paper is ignition properties, the tread and exterior sidewall
area are of most interest here.
Figure 1 illustrates how various compounding ingredients in rubber mixtures used to manufacture
tires effect their thermal decomposition behavior during Thermogravimetric Analysis (TGA) testing.
In a standard TGA setup, about 10 mg [2]. of the rubber mixture is heated isothermally in a
microbalance-supported microfurnace to a predetermined temperature program (in these tests
20°C/min). The TGA output indicates the changes in the samples weight as a function of time and
temperature. Since all materials ultimately decompose upon heating and the decomposition
temperature is a characteristic property of each material, this is an established and accepted technique
for characterizing materials. The initial weight loss step corresponds to the minor compounding
agents. Degradation for most of the rubber mixtures, except for the 100% DCSBR mixture, initiates at
temperatures less than 400°C. The flammable gaseous decomposition products emitted post this
initiation step dictates the fire performance of the mixture.

Figure 1
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EXPERIMENTAL SECTION
Time To Ignition (ti) and Heat Release Rate (HRR) of Tires
We conducted testing of the flammability of general aviation tires using the ICAL apparatus. Figure 2
is an image and schematic of the apparatus. This test method is designed to measure the HRR from
specimens in a vertical orientation. The specimen can be exposed to a uniform flux of up to 60kW/m2
from a gas fired radiant panel. This is a well ventilated test where the HRR is determined by
monitoring the oxygen depletion in a hood that captures all of the combustion gases from the burning
sample.

Figure 2

ICAL Method Photo and Diagram

Seven ignition tests and one HRR test were conducted in this series. For the ignition tests, each
specimen: approximately 30 cm long and 10 cm wide were attached to the center of a 51 cm by 51 cm
by 1.3 cm thick calcium silicate board using two steel bolts to hold the specimen flat to the board, In
the HRR test, 3 tread sections of the tire were mounted in the center of the calcium silicate board by
means of steel wires. Both the ignition and HRR sample boards were installed in the ICAL apparatus
where the separation between the radiant panel in Figure 2 determines the radiant exposure.
Four ignition tests were conducted without the hot wire pilot igniter specified by the test method at
irradiances levels of 40 – 30- and 25kW/m2. (2 at 25kW/m2). Three ignition tests, at irradiance levels
of 25 – 20 and 15kW/m2 were done with the pilot igniters. Surface temperature measurements were
measured using a Heitronics Infrared Pyrometer Model RT 19.81.
Emissivity of the tire material was determined by adjusting the pyrometer temperature scale to a
surface thermocouple temperature reading during the piloted ignition test at 20kW/m2. The Emissivity
was determined to be 1.0.
Table 1 summarizes the data obtained during the ignition tests. Time to ignition and temperature at the
time of ignition, are listed in order of decreasing irradiance for both the non-piloted and piloted tests.
The time to ignition and corresponding ignition temperature are also included in this table for the 60
kW/m2 HRR test.
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Table 1

a

ICAL Tire Ignition Data
Time to
Mode of
Irradiance
Ignition
Ignition
(kw/m2)
(sec)
Non-Piloted
60
75
Non-Piloted
40
154
Non-Piloted
30
763
Non-Piloted
25
947
Non-Piloted
25a
Piloted
25
154
Piloted
20
340
Piloted
15
No backing board

Ignition
Temperature
(°C)
670
600
611
643
No Ignition
396
407
No Ignition

The “critical” fluxes for ignition indicated from these tests in the ICAL are:
Non-piloted ignition; between 25 and 30 kW/m2
Piloted ignition;
between 15 and 20 kW/m2
Figure 3 shows the surface temperature verses time plot for the non-piloted ignition test at 40kW/m2
exposure flux. The pyrometer records the monotonic increase in surface temperature up to ~ 600°C
where flaming ignition is indicated by the rapid step increase of temperature – indicating the ignition
delay time and the ignition temperature.

Figures 3 & 4 Surface Temperature and HRR at 60 kW/m2 Exposure Flux
Peak HRR per unit area at 60kW/m2 was estimated from the analog data curve to be 884 kW/m2.
Figure 4 shows the HRR determined by the oxygen depletion method. The extreme fluctuation in the
HRR data is a result of the complicated burning behavior where the material decomposition is chaotic.
Once ignited, the surface appearance of the burning tire result from ablating of surface materials and
extremely agitated burning, which indicates that these tires were of complicated formulations.
Time to Ignition and Heat Release Rate of Heavy Duty Conveyor Belts
Heavy-duty conveyor belts are complex structures and the outer coverings are generally designed for
specific applications and duty cycles. For coal and coke transport synthetic and natural rubber covers
are generally used. Comparison of TGA data from Figure 1 and a TGA test, shown in figure 5, of the
belt covering material that was the subject of our testing, shows very close correlation. For this
reason, we are encouraged to consider that the ignition and HRR data for both elastomers are analog.
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Figure 5

TGA of conveyor belt outer layer

We used the same ICAL testing procedure for the conveyor belt tests as was used for the general
aviation tire tread tests. Nine tests were performed and for six tests, the sample size was 30 by 30 by
2.3 cm thick. As we depleted our supply of samples we reduced them to 20 by 20 by 2.3 cm thick.
Wire mesh was used to hold the sample in place at the middle of the calcium silicate board during the
tests. Surface temperature was tracked using a calibrated infrared pyrometer.
Table 2 summarizes the ignition and peak heat release data produced by this testing. Test 1, at 50
kW/m2 exposure flux was the only non-pilot test performed in this series, however tests 2 and 3 were
conducted with a poorly located hot wire igniter so that the data we obtained is questionable. Tests 4
through 9, employed a robust gas pilot igniter and produced data in which we have the most
confidence. The over all trends show that time to ignition decreases with increasing exposure flux
while, correspondingly, the peak HRR increases. Ignition temperature, however stay relatively the
same. The critical flux for piloted ignition is approximately 20kW/m2; similar to the result for the tire
tests. Figures 6, 7, and 8 show these trends.

Table 2

Ignition Time and Temperature Data
Flux
Ignition
Ignition
Test
Peak HRR
Level
Pilot
Time
Temperature
#
(kW/m2)
(kw)
(sec)
(°C)
1
50
None
488
616
640
a
2
50
Hot Wire
187
606
516
a
3
35
Hot Wire
212
541
562
4
35
Gas Pilot
75
417
358
5
50
Gas Pilot
39
432
429
6
35
Gas Pilot
53
392
214
7
35
Gas Pilot
72
409
344
8
50
Gas Pilot
52
397
576
9
20
Gas Pilot
530
425
683
a
Note: High ignition temperatures from test 2 and 3 are due to the use of a hot wire igniter as
prescribed by standard (ASTM E1623). The remainder of the tests (4-9) was run with a gas
pilot.
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Figure 6

Time to Piloted Ignition vs Exposure Flux

Figure 7

Area Dependent HRR vs Exposure Flux
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Figure 8

Ignition Temperature vs exposure Flux

Large-Scale Fire Experiments of Stacked Used Tires
Fires in large piles of tires are extremely difficult to bring under control and extinguish.
Historically, very large piles of discarded tires have developed into massive uncontrollable fires.
Some notable fires include Rhinehart, VA, 1983, two large fires in Canada; Hagarsville and Saint
Amable , 1990, Westley, CA, 1999, and Somerset, Wisconsin, 1986. In extreme cases entire piles
have been buried with hopes that the fire would eventua1Iy burn out or extinguish from lack of
oxygen. The design of a typical tire makes it an efficiently burning item and when stacked into large
piles produces a formidable fire problem. Because most tires are made of rubber and other elastomers,
they are flammable and melt while burning. The configuration of a tire permits maximum surface
exposure to air, which greatly enhances its burning. Steel components of the tire absorb and retain
heat, which complicates suppression and enhances rekindling of the tire. When tires are massed in
large piles, they exponentially increase the severity of the fire.
We are aware of only two limited studies of fire testing of stacked whole tires. Studies were
conducted by SP Swedish National Testing and Research Institute [ref] in Sweden and Lawrence
Livermore National Laboratory (LLNL) [ref] in the USA. However, as described below, the
objectives of these studies were very different.
SP Tire Fire Tests [3]
The primary goal of the SP test series was to assess the emissions to air and water from large tire
storage fires. They conducted four large-scale fire experiments each containing 32 whole used
automobile tires stacked in a reproducible “heap.” The total weight of tires for each experiment
averaged approximately 245 Kg. These experiments were conducted indoors under a hood to collect
combustion gases and monitor oxygen concentration to determine heat release rate (HRR). Each
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experiment was ignited by a 25 kW gas burner, which was turned off after two minutes. For two of
the tests no water was applied. For the remaining two, water was applied to one and water with 3%
AR-AFFF was applied to the other. In addition to the extensive analysis of smoke gases and
extinguishing water runoff, HRR, temperature, and mass loss data were monitored and recorded. As
can be seen from Table 3 the HRR’s and temperatures were fairly uniform for the four experiments.
The maximum mass loss as shown in Table 4 was between 112 and 118 kg for T5 and T8
respectively. The values for T6 and T7 may be suspect due to the application of water.
Table 3
Maximum HRR and maximum gas temperatures at different heights. Heights were from
the base of the set-up.
Test HRRmax [kW]
Tmax,75cm [ºC]
Tmax,100cm [ºC]
Tmax,140cm [ºC]
T5
3722
1246
1292
T6
3609
1318
1363
T7
3686
1275
1141
T8
3607
1072
1231
1057
Table 4
Test
T5
T6
T7
T8
a

kg
112
42.5
49.5
118

Mass losses in kg for various time periods (min) from ignition during tests.
Time
Time
kg
kg
Time (min)
kg
Time (min)
(min)
(min)
2-41 109 2-36
92.1 2-22
110 2-38
a
a
2-12 75.6 12-40
73.4 12:20-36:20
66.1 13:20-36:20 a
2-12 66.4 12-40 a
2-43 116 2-40
85.3 2-22
113 2-36

Water application.

Although extensive quantitative data was collected from the analysis of extinguishing water and
smoke gases, it is beyond the scope of this paper to include it all. In general, their analysis showed
that the application of water increased the yields of organic species such as VOC and PAH. The yields
of VOC, PAH, and PCDD/PCDE in the run-off water increased significantly with the foam solution
compared to water only. Metals found in highest concentrations in the water were sodium, calcium,
potassium, and zinc. In addition, bromine was detected in high concentrations.
The fire gases contained high yields of zinc, nickel, chromium, lead, and barium.
Lawrence Livermore National Laboratory (LLNL) Tire Fire Tests
The primary objective of this test program was to evaluate the effectiveness of different extinguishing
agents on burning stacked tires. These tests were performed in a forced ventilation test compartment
with double doors that were opened during the tests. The majority of the program involved the
development of a reproducible test methodology and set-up to assess 11 different firefighting
additives. Twelve exploratory large scale fire tests involving 9 to 48 stacked tires in various
configurations were conducted to produce this test methodology. The tires were 30.5 cm passenger
tires each weighing approximately 5.8 kg. They were stacked on a load cell and held in place by a
large wire mesh screen and ignited by a gas burner. The parameters monitored and recorded in these
exploratory experiments were temperature, mass loss, O2 concentration, CO2 concentration, and total
hydrocarbons.
Because the 48 tire test is nearest the 32 tire tests conducted by SP, it’s results will be presented here.
Total weight of the 48 tires was approximately 275 kg. Test results indicated that temperatures above
the center of the pile peaked at 9150 C. Thermocouples placed within the tire pile showed that the
highest temperatures were near the top of the stack toward the center and ranged from about 8000 C to
9200 C. Oxygen levels fell below 5% with CO2 production exceeding 10%. Total hydrocarbon count
climbed to 45,000 ppm. Post test inspection revealed that only 9-10 tires had burned extensively. The
net mass loss was only 14.5 kg.
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The final test configuration used to evaluate the firefighting foams utilized twelve 33 cm tires, stacked
in a staggered configuration developed in the exploratory tests. They were placed on a load cell and
prevented from falling by a wire screen wrapped around the pile. A 56 cm diameter gas burner ignited
the tires from underneath the stack. A firefighting nozzle at a set flow rate and pressure was
physically secured in position so that the fixed spray pattern covered the entire tire pile. The various
extinguishing agents at their prescribed concentrations were supplied to the nozzle by a Water
Expansion System pumping from a 208 liter drum.
The final performance criteria included:
1. Did the agent extinguish the fire?
2. If the fire was extinguished, was it quenched by the 1st, 2nd, or 3rd application.
3. The total product application time.
The experimental results are shown in Table . The extinguishing agents are listed with the most
effective agent at the top of the list. It should be noted that water alone did not extinguish the fire.
Table 5

Summary of Tire Fire Test Results

Extinguishing Agent

Concentration
(%)

9 AFFF (A)
5 Hi Ex Foam
6 Wetting Agent (A)
11 Pine Tar (Soap)
3 Surfactant
1 Aerial Fire Retardant
2 Dispersant
4 AFFF (B)
10 Wetting Agent (B)
7 Protein Foam
8 Polyfoam

3.0
6.0
0.3
6.0
6.0
0.3
3.0
6.0
0.1
3.0
8.0

Extinguished?
No. of
Applications
YES : 1
YES : 2
YES : 3
YES : 3
YES : 3
YES : 3
YES : 3
NO
NO
NO
NO

Total Mass
Loss(kg)
2.4
2.8
2.3
3.0
3.0
3.7
2.9
3.4
6.9
8.3
7.4

Comparison of SP and LLNL Test Results
Although there were many differences in program goals, test set up and methodology, there were a
few similarities between the results of the SP and LLNL programs. The maximum temperatures were
comparable 9200 C (LLNL) vs ~12000 C (SP). The average maximum SP HRR was about 3650 kW
for 32 tires and approximately 1275 kW for LLNL tests of 12 tires. There is a correlation in that
LLNL tested 1/3 the tires of SP and produced 1/3 the average maximum HRR of SP. Comparison of
mass loss rates is not realistically possible due to many variables. Although LLNL did not
quantitatively analyze fire gases, both studies verified copious quantities of combustion products.
Both studies showed that water alone was not an effective against stacked tire fires.
DISCUSSION AND CONCLUSIONS
The HRR levels developed from the ICAL for the vertically oriented – piloted ignition conveyer belt
tests reported in this paper range from about 300 kW/m2 at an exposure flux of 30 kW/m2 to almost
600 kW/m2 at 50kW/m2. The HRR level developed from the tire tread sample at an exposure flux of
60 kW/m2 was nearly 900 kW/m2. The critical flux for ignition for both the tire and conveyor belt
material was ~ 20 kW/m2.
The four SP tire pile tests [3] averaged a peak HRR of 3656 kW. Since the tire pile cross section was
4m2, the area HRR equals 914 kW/m2. Front wheel loader fire testing [4], attempts to analyze the
results from three different tire fire test programs, including the tests in reference 3. He posits that by
normalizing the peak HRR data from these tests to the exterior exposed tire surface area for all the
tires in the pile and by assuming that the external surfaces are totally engulfed in flame, the results can
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be compared. He concludes that, “the maximum HRR for rubber tires per exposed external surface
area is in the range of 110 to 210 kW/m2”. These HRR levels are much lower than the standard testing
results reported in this paper. It is clear that the exposure flux directly controls the HRR of the rubber
and that surfaces not directly exposed to the feedback flux from the fire plume above a large area fuel
array will not contribute much to the measured HRR.
Tests conducted at Sandia Laboratories [5] measured the heat flux to the fuel surface from the fire
plume of large JP-8 pool fires to range from 78 to 97 kW/m2 for an average of 88 kW/m2. Simple
extrapolation of the experimental HRR data from the conveyor belt tests to this exposure intensity
would result in a HRR of ~ 1000 kW/m2,, a value that is close to area HRR of 913 kw/m2 calculated
from the reference 3 tire fire test series .
Table 1 in the paper on the State of the Art of Tunnel Fire Research [6], collects data on the area HRR
of a collection of fuel types and packages – from pool fires to trains. For gasoline, he lists a range of
values from 0.35 to 2.6. The High value is likely for deep fuel pools or fuel floating on water. The low
value probably results from fuel spill data and is a reflection of the decreased burning rate due to
reduced fuel depth and modified heat balance between plume feedback energy and substrate. For three
dimensional fuel arrays such as piles or truckloads of tires, the fire plume feed back to the fuel surface
would be entirely absorbed only by the tire surfaces in direct line of sight with the fire plume. This is
also, why tire pile fires are so difficult to extinguish. To extinguish these fires, the agent applied to the
fire needs to provide shielding between the plume and fuel, have both cooling and smothering
capabilities and act as a good wetting agent. Clearly, more work needs to be done in this area.
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ABSTRACT
Fires are probably one of the worth phenomena that can occur in a tunnel. Since decades, scientists
have tried to increase knowledge, on the fire behaviour in such specific enclosure infrastructures. The
presented work focuses on the improvement of the evaluation of Heat Release Rate (HRR) curves,
which are actually based on empirical models. These design fire curves, are simplified models that
allow designing fire safety in tunnels such as emergency ventilation and escape routes. They are based
on many hypotheses, especially in the early phase that they represent. This first step corresponds to
the fire growth and directly depends on the thermal reactivity of solid combustibles involved in fire.
Nevertheless, the thermal decomposition is expressed by the Mass Loss Rate (MLR) parameter which
depends on two main factors: the irradiance level received at the surface material and the local oxygen
concentration in the environment where the degradation occurs. These factors can severely affect the
decomposition process and thus the associated combustion process.
The present paper deals with the development of a new methodology, in order to describe numerically
the thermal behaviour of solid polymers in tunnel fires. It is based on experimental data obtained at
small scale with the Controlled Atmosphere Cone Calorimeter (CACC) apparatus.
The methodology is based on the study of surface responses with polynomial models in the aim of
describing the thermal behaviour of any solid at material scale. The developed model predicts with
good accuracy the MLR over time curve when applied to a Polyisocyanurate foam. Furthermore it
allows predicting the fire behaviour on a large domain, where only a few conditions of irradiance
level and oxygen concentration have been tested with CACC apparatus.
KEYWORDS: Thermal decomposition, Controlled Atmosphere Cone Calorimeter, surface response
methodology, experimental design, mass loss rate, pyrolysis
INTRODUCTION AND CONTEXT
Fire is considered to be one of the potentially worth phenomenon that may occur in a tunnel. The
vulnerability of users due to the enclosed structure is increased and thus the safety has to be well
managed in order firstly, to prevent fire and secondly, to reduce its consequences. Indeed, in most of
the cases, tunnel fires can lead to dramatically consequences both human and infrastructural. Thus, the
safety concerns have increased over decades to reduce on one hand the frequency of such catastrophes
and on the other hand their damaging and deadly consequences. Even if researchers nowadays have a
better understanding of fire phenomenon, there are still several shadow areas on how a fire can occur,
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propagate and grow in tunnels. Moreover, the enclosed structure of the tunnel potentiates the growth
and the power of fires and modifies its kinetic.
Two main factors can lead to deadly consequences for tunnel users in case of a fire. The most
important one is the smoke that can hinder people to easily evacuate the tunnel, reduce the visibility
and kill if breathed. The second one is the couple irradiance level - temperature that the users can be
exposed to [1, 2].
It’s quite difficult to reduce the heat flux as a fire is growing, that’s why nowadays, the main concern
when dealing with safety design in tunnel, is focused on the ventilation flow control, notably to permit
people to evacuate safely. These ventilation systems are designed taking into account several
scenarios, based on fire power curves which are used to describe tunnel fires [3]. The fire power is
thus classically associated with the HRR parameter and its evolution usually described by empirical
curves (see Figure 1) describing a growth step, a steady state and a decay period.

Figure 1 : Typical evolution curve of the HRR parameter in a tunnel fire as prescribed by regulation
authorities
In tunnels, the European regulatory instances, describes the evolution of a tunnel fire depending on
the number and the type of implied vehicles, by simplified prescriptive HRR curves. Most of the
parameters used to construct such curves are approximated due to a lack of knowledge. They do not
yet take into account the exact mechanisms of propagation and growth, the parameters which can
severely affect the fire development and those which can be neglected (e.g. flame spread between
vehicles, materials involved in fire, etc.), and therefore the realistic HRR description.
Several studies [3, 4, 5] have focused on the power, the reached temperature or on the smoke
behaviour in tunnel fires. But nowadays, there are few studies on the ignition and propagation
conditions or on the description of the thermal degradation of constituent material of road vehicles in
such conditions. The safety design in tunnel is so based on empirical models, which not always
perfectly describe the fire dynamics. In order to improve the comprehension of the fire kinetics and
the construction of tunnel fire representative models, it is necessary to focus on the different materials,
which can be responsible for the ignition and the propagation of such fires. Thus, it is necessary to
create reliable degradation models, adapted to tunnel fire conditions, which could be integrated in
models currently used for the tunnel safety design.
In this sense, the global aim of the present work is to develop a predictive methodology to allow the
construction of numerical decomposition models of road transport materials, at small scale, based on a
few experiments. Past works have demonstrated that the development of degradation models requires
the use of a multi-scale approach [6, 7, 8] in order to understand and then to describe the thermal
decomposition.
However, in order to reproduce the conditions of a tunnel fire, an important number of experiments
should be performed in different conditions. So, to reduce the number of experiments and to choose
the best test conditions, the final objective of the present study, is to develop an adapted methodology
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of experimental designs. Surface response from experimental designs, such as Doehlert designs [9]
can well answer to the problematic but will not be developed any further here.
This paper mainly deals with the first part of the described global work and focuses on the
methodology adopted to obtain numerical model of prediction, using polynomial models which
construction is based on a few experiments leaded at material scale. These experiments have been
performed using the Controlled Atmosphere Cone Calorimeter (CACC) apparatus briefly described in
the next section. Even if the parameters that may worsen the decomposition process of a solid material
are multiple (local temperature, gas velocity, hygrometry, etc.) especially in tunnels, at this scale the
work is focused on the irradiance level and on the oxygen concentration in which the thermal
degradation can occur. At this point the methodology has been developed considering the MLR but it
is generalizable and can be applied to the main parameters describing the degradation of a solid
polymer: gaseous emissions, HRR (calculated from MLR), etc..
EXPERIMENTAL SETUP
Controlled atmosphere cone calorimeter
In order to study the burning behaviour of materials, an open Controlled Atmosphere Cone
Calorimeter (named by Werrel et al. [10]) has been used. This apparatus is described in the following
[11, 12, 13] and will not be presented in details in this paper. It has been created in order to determine
the thermal degradation and the burning behaviour of materials, at small scale, in an oxygen
concentration controlled enclosure. Its design has been defined by Mikkola [14]. These enclosure
conditions are the main improvement comparing to the classical cone calorimeter which design is
given by ISO 5660-1 [15]. The CACC is equipped with two inlet ports at the bottom allowing
injecting the airflow mixture which rate and concentration of nitrogen and oxygen are controlled.
The airflow rate is controlled for all the duration of the test by two rotameter respectively linked to the
quantity of oxygen and nitrogen to ensure that the exact amount of oxygen is available at the surface
of the sample. Otherwise, an oxygen analyser was installed in the bottom of the enclosed box to
control the accuracy of the mixture. The CACC design presented in this section is schematically
presented in Figure 2.

Figure 2 : Schematic representation of the Controlled Atmosphere Cone Calorimeter
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Above the cone heater, a 60cm stainless steel chimney has been fixed to the cone as described by
Marquis et al. [16]. It prevents the diffusion of the ambient air in the enclosure, which can severely
affect the oxygen concentration at the surface of the sample.
Considering aforesaid particular adaptations to the standard cone calorimeter, it is possible to control
the oxygen concentration in the enclosure in a range from 0% to ambient conditions (21%vol). It
allows then to simulate the vitiation of the atmosphere and to approach experimentally the burning
conditions that can be found locally in a tunnel fire.
Concerning the experimental protocol, all tests have been performed in accordance with the one
described in the ISO 5660-1 standard [15]. Samples of 100*100mm² have been tested in a horizontal
orientation in the classical sample holder which includes a frame that is positioned over the sample.
This frame reduces the exposed surface area of the sample to 0.008836 m². Test were performed with
a 64 kg.m-3 ceramic fibre insulation pad on the backside of the sample as prescribed in ISO 5660-1
[15]. Measurements were carried out at 20, 35 and 50 kW.m-2 and at several oxygen concentrations (0,
5, 10, 15 and 21%vol). All tests were performed three times in order to study the repeatability of the
results in accordance with ISO 5725 [18]. Data were collected with a 5s sampling interval. As the test
protocol defined in the ISO 5660-1 standard [15] cannot be used for the CACC, a modified test
protocol was developed as defined in [16].
Materials
The experiments in CACC have been conducted on a HydroChloroFluoroCarbones (HCFC),
ChloroFluoroCarbones (CFC) free rigid poly(urethane-isocyanurate) foam (PIR). This material is a
commercial foam including flame retardant with a density of 80 kg.m-3. Tested samples were
conditioned at 23 (± 2)°C and at a relative humidity of 50 (± 5) % for more than 88 hours in
accordance with the specifications of the ISO 291 standard [17]. The tested samples were
100 (± 2) mm long, 100 (± 2) mm wide and 30 (± 1) mm thigh, with a mass of 23.3 (± 1.1) g.
This type of foam has a high mechanical strength, a low weight and is usually used as an insulation
material. It is notably used as a road transport material to ensure the insulation of frigorific trucks and
isothermic vehicles.
NUMERICAL APPROACH
The main objective of the methodology presented in this paper is to predict the thermal decomposition
of solid materials used in road transport and especially those which can be responsible in lowering the
tenability conditions in a tunnel fire (high smoke potential, high toxicity potential or/and high
energetic potential). Nevertheless, the thermal decomposition conditions of materials can be very
difficult to evaluate in a tunnel fire because they can severely be affected for example by local oxygen
conditions.
In order to respond to this problematic, a new methodology using polynomial models has been created
to evaluate the response of the thermal decomposition parameter (MLR) at material scale on a large
domain of irradiance and oxygen concentration.
From the experimental conditions described in the previous section, usual parameters of burning
behaviour (i.e. MLR and concentration of gaseous species) can be determined for each tested burning
condition. They can be represented as surfaces on a domain where x and y axes are respectively the
irradiance level and the oxygen concentration and z axis represents the response of the parameter as
shown in Figure 3. This figure represents the mean of Specific Mass Loss Rate (SMLR) of the PIR
foam for different tested conditions in a range of irradiance level of 20-50 kW.m-2 (with a 15 kW.m-2
step) and of oxygen concentration of 0-21%vol. The mean SMLR is presented for each performed
tests and have been averaged on a 1800s time period.
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Figure 3 : Representation of the mean SMLR parameter depending on different irradiance levels and
different oxygen concentrations
On Figure 3 there are fifteen points plotted, representing a surface, where each point corresponds to
one test performed experimentally. These points are all associated to an irradiance level - oxygen
concentration couple.
The surface representation illustrates the importance of the two considered parameters on the burning
behaviour of the material. Thus, it can be observed that decreasing the oxygen concentration or the
irradiance level imposed to the sample leads to a global decrease of the degradation kinetics.
Moreover, plotting all the parameter as surfaces (especially combustion gases) allows to predict the
area of the domain where the degradation of the material is combined to a combustion process.
However, this last point will not be developed in this paper but will be presented in a future
publication.
The main interest of the work is to plot, from the experimental data collected, a numerical response
surface thanks to polynomial models. Polynomial models can be defined as numerical equations
depending on n variables allowing representing a n dimensional surface in a (n+1) dimension space.
A general polynomial equation of second order including all factor interactions can be expressed as
follow:
N

N

N

i =1

i

i≠ j

y = a 0 + ∑ ai x1 + ∑ aii xi2 + ∑ aij xi x j + ... +

N

∑a

i≠ j≠k

ijk

xi x j x k + ai... N xi ...x N

(1)

Where a represents the coefficients of the polynomial model.
The polynomial model used in this paper is only based on two variables x1 and x2 which represents
respectively the irradiance level and the oxygen concentration. Thus the response can be plotted on a
third dimension space.
Considering responses for each tested conditions, at material scale with CACC, for a chosen
parameter represented as a surface, a numerical surface can be determined as shown in Figure 4 where
black grid represents the surface obtained thanks to the numerical model.
The numerical model used for the construction of the surface is a second order polynomial which
possesses two variables. These two variables are respectively the irradiance level received at the
surface material and the oxygen concentration within the enclosure of the CACC.
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Figure 4 : Numerical model of prediction of the SMLR using a second order polynomial
This figure shows that the model predicts with a good accuracy the evolution of the burning behaviour
of the material: the experimental points are very close to the numerical ones. On an other hand, the
same trends can be observed when considering one of the input parameter as constant, while the other
one vary. Thus when the irradiance level is maintained constant, and the oxygen concentration is
lowered, it can be observed that SMLR is decreasing. The results are similar when the oxygen
concentration is maintained constant as the irradiance level decreases.
This kind of figure is so useful to define the evolution of a chosen parameter and to observe some
trends on the global fire behaviour of a material.
As the model created represents a whole surface, it also allows predicting the burning behaviour
where no experimental data are available for a comparison. There lie the main interest using this kind
of numerical model. Indeed, when the polynomial model has been calculated and the polynomial
coefficients determined, it is possible to predict the response of a parameter for each couple irradiance
level - oxygen concentration for any point of the domain. This calculation is especially of interest
where there is no experimental data available. Thus, if a domain where several experimental tests
have been performed is described thanks to a polynomial model as presented previously, it is possible
to determine the burning behaviour (response of the MLR parameter) regardless the fire conditions
[irradiance level - oxygen concentration] within the range of experimental domain.
Using this plotting method, a surface can be created for an average parameter such as mean SMLR as
presented previously but also for any parameter at a chosen time during the test. Then, it is possible to
obtain for a chosen parameter a surface for each time step (time step is the one defined for the
experimental tests which is 5s). In the described case, tests were performed on 1800s, thus 360
surfaces can be plotted. Considered altogether, they represents the response of a parameter all along
the test for all the tested irradiance level - oxygen concentration couples. Interpolating the results, it is
then possible to retrieve the response of a parameter, for a chosen couple, depending on the temporal
dimension. This interpolation implies using all the models created for each time step and leads to the
creation of a metamodel that can describe the evolution of the parameters, numerically. This
metamodel allows then to plot the parameter curves over time, for a considered irradiance level –
oxygen concentration couple, whether or not experimental data are available.
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To illustrate what have been previously presented, surfaces have been elaborated for the MLR
parameter, for each time step of the experimental test. This allows determining the burning behaviour
of the PIR foam as a function of time [MLR (t)]. Figure 5a below represents the studied domain on
which experimental test have been performed (black dots) and an arbitrary chosen couple (black
square) for which the curves have been plotted. Figure 5b presents for point A and B of the Figure 5a
the evolution over time of the MLR parameter. The numerical curve presented for point A is plotted
with the experimental curve associated.

a
b
Figure 5: experimental domain studied for the PIR foam in CACC (a) and modelled and experimental
curves plotted thanks to the interpolation of the response surfaces of mean SMLR for all time steps
and for different couple irradiance level / oxygen concentration tested in CACC (b).
When the experimental behaviour of the material is known (For example, point A [50kW.m-2 /
21%vol O2] in Figure 5a), the model predict with good accuracy the MLR over time curve (see Figure
5b). Furthermore, when behaviour is unknown (Point B [40kW.m-2 / 18%vol O2] in Figure 5a), this
methodology allows to interpolate the MLR over time response curve of the material (grey curve on
Figure 5b).
As seen in Figure 5b, the model is perfectly able to numerically find back the response of a parameter
over time. Moreover, the numerical curves representing the other couples where experimental data are
available of the domain are not presented in this paper due to the length restriction. However, they all
fit well with the experimental curves. Then we can suppose that the response of the model where no
experimental data are available is accurate as well. Indeed we can see in Figure 5b that the intensity of
the phenomenon for the couple [40kW.m-2 / 18%vol O2] is less important than for the couple
[50kW.m-2 / 21%vol O2] and it’s perfectly in accordance with the global behaviour shown in Figure 4.
DISCUSSION
The first results for the method conducted on the PIR foam show a pretty good accuracy between
experimental and modelled curves. The numerical model is so perfectly adapted to represent
numerically the thermal degradation of this material.
The methodology developed allows obtaining quickly (approximately 10min to obtain the model and
curves when experimental data are available) and at low cost the thermal behaviour of a solid material
on a large domain. Comparing to the classical method of development of thermal degradation models
usually performed with ThermoGravimetric Analysis (TGA) and then transposed at higher scale [6, 7,
8], this new methodology proposes a good alternative. It can be used as a useful tool in the field of
fire safety engineering and the model with some little adaptations can be integrated directly in a
Computational Fluid Dynamics (CFD) code such as Fire Dynamics Simulator (FDS).
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Even if the methodology shows some good results, it has to be used with caution and there are several
issues especially mathematical that must be taken into account. One of the main issue using this
surface response methodology is to determine the accuracy of the model. Indeed, it’s quite difficult to
evaluate if the model is able to give a true representation of the physical phenomena occurring during
the burning process of materials. The accuracy of the model is determined using a squared error sum
taking into account for each considered point the difference between experimental and numerical
response. It depends of two main factors which are the number of points used for the construction of
the model and the polynomial order.
The number of point considered is the main factor to take into account because it determines the direct
trueness of a model. Depending on the variation of the responses of a surface considered, it is possible
to obtain a model which construction is based on all the experimental responses or just on a few of
them. There is a huge challenge in here because reducing the number of points considered for the
construction of the model means that just a few number of experimental tests have to be performed to
determine the numerical model. The challenge is so to be able to construct the model with the least
experimental points by maintaining the highest precision. Although, the considered points have to be
chosen wisely because, even if the methodology is a mathematical one, it depends and furnishes
physical parameters.
There can be so an issue using numerical models and it is important to consider that the method does
not take into account for example tested materials physical properties. Moreover the model described
generates some uncertainties that must be evaluated by numerical and statistical methods.
Thus a response surface represents physical phenomena and some area of the domain needs to be
described with an important precision (especially those where the degradation process is coupled with
a combustion process). An experimental design methodology is currently in progress and will allow
defining which points of the studied domain must be taken into account to represent surfaces with a
good accuracy, and which may be neglected.
Figure 6a, 6b and 6c present that depending of the number of points considered and their location on
the domain, polynomial model can have very different accuracy comparing to the experimental data.

a) 6 points considered
c) 5 points considered
b) 4 points considered
Figure 6: experimental domain studied and modelled surface with a second order polynomial
The polynomial order used for the construction of the surface is also really important because with its
increase, much more inflexions are allowed on the numerical surface. Using a high order polynomial
model, it is then possible to obtain a surface which shows a great accuracy thanks to the squared error
sum calculation but which won’t well represent the realistic expected evolution of the parameter. This
point is also directly linked to the number of points considered to elaborate the model. If an important
number of points are taken into account for the construction of the model, highest polynomial order
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can be used. By opposite, if a smaller number of points are considered, the polynomial model can be
calculated, but it won’t represent the physical process with trueness. An example of this issue is
illustrated in Figure 7.

Figure 7: Numerical model of prediction of the SMLR using a fifth order polynomial
Finally, the surface response methodology will soon be coupled with an experimental design
methodology. It will allow determining the fire behaviour of a solid material leading a few
experiments with precise chosen conditions. Once the experimental design applied to the studied
materials, it would be necessary to perform mathematical and numerical investigations to ensure that
the metamodel thus created is fully able to find out the results in conditions which have not been
tested experimentally. If this work shows reliability of the model, it could then be used to characterize
most of the materials used in road transport in order to enhance the approach used nowadays and to
improve the comprehension of the conditions of ignition and growth of tunnel fires.
CONCLUSION AND PERSPECTIVES
It is now necessary to lead an analysis on other materials in order to prove the accuracy of the
methodology and its capacity to predict the burning behaviour of solid materials varying the
degradation conditions (irradiance level and the local oxygen concentration). An experimental
campaign is currently in progress to evaluate the thermal behaviour of three chosen road transport
materials. This will allow to prove the robustness of the developed methodology.
It will also be important to focus on the number of experiments needed to obtain numerical surfaces
thanks to polynomial models. This will lead to the construction of an experimental design
methodology, which will allow from several tests to predict the burning behaviour of a solid material
in the conditions described in this paper with the best possible accuracy.
Finally if the method prove its capacity to predict the thermal behaviour of solid material in tunnel
fires, it could be used in the field of fire safety engineering to better describe the models used to
design the safety equipment and devices that can be found in a tunnel.
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Estimation of tunnel temperature downstream a tunnel
fire considering time dependent wall heat losses
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ABSTRACT
Existing theory on longitudinal tunnel temperature evolution neglects the effect from wall heat losses
through conduction. If the enclosure of all tunnels would have the same thermal inertia this would not
be a significant problem as the theory is developed and valid for typical cases. However, tunnel walls
protected by an insulating material with a significantly lower thermal inertia than rock or concrete will
cause much hotter fires as such walls do not absorb heat as efficiently. The purpose of this paper is to
develop a simple numerical model of the temperature evolution downstream a tunnel fire that captures
the effect from the enclosure’s thermal inertia. A simple comparison case with concrete versus
calcium silicate enclosure shows a significant difference in the temperature downstream which will
increase with distance.
KEYWORDS: Tunnel temperature evolution, Conduction, Linear response theory, Duhamel
superposition integral
NOMENCLATURE
A
c
htot
hc
hr
k
P
Q
𝑞̇ ′′
𝑞̇
Ti
Ts
Tf
t
u
x
Δx
θ
ρ

cross-sectional area of the tunnel (m2)
heat capacity (kJ/kg K)
a lumped heat transfer coefficient (kW/m2 K)
average convective heat transfer coefficient to the walls (kW/m2 K)
average radiated-heat transfer coefficient to the walls (kW/m2 K)
conductivity (W/m K)
perimeter of the tunnel (m)
heat release rate (kW)
heat flux per square meter (kW/m2)
heat flux (kW)
initial temperature (K)
surface temperature (K)
fire temperature (K)
time (s)
air velocity (m/s)
distance from the centre of the fire source (m)
length of tunnel zone (m)
temperature difference between Ts and Ti
density (kg/m3)

INTRODUCTION
As tunnel safety is increasingly highlighted, more and more safety measures are being developed. One
such safety measure is to protect the tunnel structure with insulation with the purpose of protecting the
integrity of the structure from heat [1]. However, insulation increase the thermal inertia with the
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negative effect of increasing fire temperature and thereby also the growth rate and risks of fire spread
between vehicles [2, 3].
Tunnel theory on temperature evolution neglects the effect from conduction and the gradual surface
temperature rise . Therefore such effects may not be captured. The purpose of this paper is to develop
a simple theory that captures the effects of wall conduction and surface temperature rise on the gas
temperature evolution downstream a tunnel fire.
THEORY
There are mainly two theories for calculating the temperature in a tunnel or duct enclosure. Newman
and Tewarson [4] set up a heat balance equation comprising heat flux and convection wall losses
which results in a fourth grade equation. Ingason [3] assumes 1/3 of the total energy to be lost and
defines a heat transfer coefficient comprising wall heat losses through convection and heat flux. Both
Ingason and Newman and Tewarson assume the wall temperature to be equal to ambient and ignore
conduction through, and the surface temperature rise of, the enclosure material. In this sense the
temperature development becomes independent of the thermal inertia.
The thermal inertia of a material is kρc [J2/(m4 s K2)], where k is conductivity, ρ is density and c
specific heat capacity. The surface temperature of a material with a low thermal inertia will rise
quickly when exposed to heat. This means that it is a good heat barrier and any heat stored in gases is
maintained inside an enclosure.
Conduction through semi-infinite wall
A wall may be considered semi-infinite if it is thermally thick. Then the limit thickness is assumed not
to influence the temperature of the exposed surface. The simplest boundary condition for conduction
through a semi-infinite wall is to instantly increase the wall surface from initial (Ti) to Ts.

Figure 1

Semi-infinite wall suddenly exposed to surface temperature Ts. 𝑞̇ ′′ is the resulting heat
flux into the wall.

For a constant temperature difference 𝜃 = 𝑇𝑠 − 𝑇𝑖 the heat flux 𝑞̇ ′′ [kW/m2] being transported into the
wall decrease with time, t, measured in seconds according to the following equation [5].
𝑘𝜌𝑐
𝜋𝑡

𝑞̇ ′′ (𝑡) = 𝜃�

(1)

If 𝜃 is changing with time the problem can be identified as a linear response problem with output S(t),
force F(t), and linear response function A(t) as follows [6].
𝑘𝜌𝑐
𝜋𝑡

𝐴(𝑡) = �
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𝑡

𝑞̇ ′′ (𝑡) = 𝑆(𝑡) = ∫0 𝐴′ (𝑡 − 𝜏) 𝐹(𝜏)𝑑𝜏

(4)

This is called the Duhamel superposition integral and is valid if the response is causal, linear, and
stationary.
MODEL DEVELOPMENT
Assume a tunnel with longitudinal ventilation speed u and cross-section area A, periphery P,
longitudinal ventilation velocity u, and the initial temperature Ti at 0 °C. In the simple model
presented here the total heat transfer coefficient by radiation and convection between the fire gases
and the walls are assumed to be infinitely large, i.e. the surface temperature, Ts, is assumed to be
equal to the fire temperature. If the heat transfer resistance were to be considered higher gas
temperatures would be predicted.
A tunnel segment of periphery P and length ∆x is assumed to have semi-infinite walls so that the
theory for conduction mentioned above applies to the segment P∆x, as is visualized in Figure 2 below.
The temperature is assumed to be uniform in the volume P∆x.

Figure 2

Tunnel enclosure exposed to surface temperature Ts along the segment PΔx, which can
be viewed as a semi-infinite wall with height P and width Δx.

By dividing the tunnel into zones, see figure 3, with length ∆x the heat flux being lost through the
enclosure area PΔx can be calculated as follows:
𝑞̇ (𝑡) = 𝑞̇ ′′ (𝑡)∆𝑥𝑃

(5)

𝐴𝑢𝑐𝜌𝜃1 (𝑡) = 𝐴𝑢𝑐𝜌𝜃0 (𝑡) − 𝑞̇ 0 ′′ (𝑡)∆𝑥𝑃

(6)

Given a temperature difference of zone 0, 𝜃0 , the heat loss through the tunnel enclosure can be
calculated by using Eqs. (2) to (5), and the heat balance of the next zone can then be defined as
follows:

This basically says that the heat into zone one is equal to the heat into zone zero minus the lost heat
through conduction. The temperature of the next zone then becomes:
𝜃1 (𝑡) = 𝜃0 (𝑡) −

𝑞̇ 0 ′′ (𝑡)∆𝑥𝑃
𝐴𝑢𝑐𝜌

𝜃1 (𝑡) = 𝜃0 (𝑡) −

𝑞̇ 0 ′′ (𝑡)∆𝑡𝑃
𝐴𝑐𝜌

Defining the time step ∆t and ∆x as 𝑢 = ∆𝑥/∆𝑡, we can write (7) as:

(7)

(8)

𝑞̇ 0 ′′ (𝑡) can be caluclated by applying the Duhamel superposition integral, Eqs. (2) to (4).
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Figure 3

By extracting the heat lost to the tunnel enclosure of each zone the temperature of the
next zone can be calculated.

By applying Eqs. (2) - (4), and (8) to a number of zones downstream the fire in a computer program
such as Excel or Matlab the temperature evolution adjusted for heat loss through thermal inertia can
be calculated.
SIMPLE DEMONSTRATION CASE
In this section we will show two simple cases with different input temperature 𝜃0 with 7 zones
downstream the fire zone 𝜃0 . The tunnel has the width 7 m and height 6 m. Two materials are used as
lining:
• Calcium silicate (CS), kρc = 1,3*1120*700 [J2/(m4 s K2)]
• Concrete, kρc = 1,7*2300*900 [J2/(m4 s K2)]
The thermal inertia of concrete is about three times that of CS.
Case one: 1200° C step function
This is a theoretical and simple case which is used only to illustrate how the method works. Each zone
is ∆x = 4,5 m long, the ventilation velocity, u, is 0.75 m/s, and the time step ∆t is 6 s. In case one the
walls and ambient air of the first zone is instantaneously increased to 1200° C. In Figure 4 the
resulting temperature in zone 7, i.e. 25 meters downstream the first zone for CS and concrete is
shown.

Figure 4

The initial temperature in the first zone and the resulting temperature in zone seven for
concrete and CS enclosure respectively.

The temperature evolution along the tunnel length is shown in Figure 5 below.
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Figure 5

The temperature evolution along the tunnel downstream the fire for concrete and CS
enclosures respectively.

Case two: Ultra-fast and fast fire
Now we are using a more plausible fire temperature development of the first zone. Each zone is ∆x =
6 m long, the ventilation velocity is 2 m/s, and the time step ∆t is 3 s. From [7] it can be seen that a
tunnel fire can be represented as having a quadratic fire growth (Q=αt2) rate corresponding to either
ultra-fast (α=0,19), representing trucks, or fast (α=0,047), representing a car fire. In the first zone the
temperature is calculated from:
𝑄(𝑡)
𝑇= ̇
(9)
𝑚𝑐𝑝

If the fire reaches 1300 °C it is kept constant (corresponding to 130 MW heat release rate).

For comparison the temperatures according to the formula presented by Ingason are plotted in zone 7
(i.e. 33 m downstream the fire using h=0,025 kW/m²/K), see [3]. In figure 6 and 7 below the resulting
temperature development 33 meters downstream the fires is presented.

Figure 6

The temperature development at the fire and 33 meters downstream a fast fire with either
concrete or calcium silicate (CS) tunnel enclosure. The input fire temperature
development of the first zone is equal for concrete and CS enclosures. However, 33
meters downstream the temperature for CS enclosed tunnel is higher than for concrete.
For comparison the result using a formula proposed by Ingason [3] is presented 33
meters downstream the fire.
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Figure 7

The temperature development at the fire and 33 meters downstream an ultra-fast fire
with either concrete or calcium silicate (CS) tunnel enclosure. The input fire temperature
development of the first zone is equal for concrete and CS enclosures. However, 33
meters downstream the temperature for CS enclosed tunnel is higher than for concrete.
For comparison the result using a formula proposed by Ingason [3] is presented 33
meters downstream the fire.

With rising temperature the risk for fire spread will increase. Assuming the critical temperature for
ignition to be equal to 500 °C [3] the following times on fire spread to adjacent vehicles are derived
for 33 m downstream the ultra-fast fire.
Table 1

Possible ignition times for a vehicle 33 meters downstream the ultra-fast truck fire. Fire
spread would occur almost 3 minutes earlier for CS tunnel enclosure than for concrete.
Enclosure material Ign. time, fire spread [s]
CS
675
Concrete
846
DISCUSSION
In this section we will analyze the results and the potential impact on tunnel fire safety. We will also
discuss which the most critical assumptions are, and what future research could clarify.
Analysis of results and impact on tunnel fire safety
We have compared two tunnels with similar conditions except the choice of tunnel enclosure material.
For high temperatures the heat transfer to the walls through convection and heat flux will be high,
then the wall temperature can be assumed to be close to the air temperature and then the key heat loss
mode will be through conduction. A time dependent model that captures this phenomenon has been
developed. Figure 4 to 7 shows a significant difference in the increase of temperature downstream a
tunnel fire depending on the thermal inertia of the tunnel enclosure.
Insulation of tunnels is a risk measure that is sometimes used to protect the tunnel structure from the
fire [1], however the impact on life safety and the increased risk of fire spread must be further
investigated. The risk to humans under evacuation will be increased as the temperature is increased.
Furthermore, the risk for fire spread to adjacent vehicles is significantly increased as the radiation is
proportional to the fourth power of temperature. It may be that insulation in tunnels has a negative
overall impact. However more research and better models should be developed to achieve more
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certain results.
Uncertainties and improvements
To assume the surface temperature equal to gas temperature is off course not always true, especially
not in the beginning of fast developing fires. This result in an under estimated temperature
development as heat barriers are neglected. However this effect may not be so large for high
temperatures. Then the heat transfer due to heat flux is dominating and will indeed be large (∝ 𝑇 4 ).
Then it can be seen as a valid approximation to set the heat transfer coefficient for convection to
infinity. Notice further that there will be no up or down for the heat transfer at high temperatures. It
will almost be equally large to the ceiling as to the floor. However, cold air may cool at the floor level
depending on the ventilation conditions of the fire.
Materials with a high thermal inertia will be heated faster than materials with a low thermal inertia.
Therefore the model under-estimate the concrete temperature more than the CS board. To quantify
this effect a more advanced model taking account of convected and radiated heat transfer to the tunnel
enclosure, or experiments needs to be performed. Such a future model could have a boundary
condition where the wall is exposed to a certain heat flux which means that both convection and heat
flux heat losses are accounted for. The heat flux into the wall could then be given by:
𝑖
𝑞 𝑖+1 = ℎ𝑡𝑜𝑡
𝑃∆𝑥(𝑇𝑓𝑖 − 𝑇𝑠𝑖 )

(10)

Where the total heat transfer coefficient can be calculated from that we know the fire temperature and
surface temperature. Instead of Eq. (1) we would have the following governing equation [5]:
𝑡
𝜋𝑘𝜌𝑐

𝜃 = 2𝑞′′̇�

(11)

It would be interesting to see the difference compared to the presented model, and to compare with
experimental data.
There is further a simplification in assuming all enclosure to be of the same material, in reality, at
least the asphalt will be made of the same material in both cases. This could be accounted for by
either calculating two different heat losses through conduction or by calculating a resulting average
thermal inertia. Furthermore, the lining material will not be “semi-infinite” in practice. As an
example, a 2 cm thick board of calcium silicate can be assumed to be semi-infinite for [5]:
𝑡=

2
𝛿0,05
𝑐𝜌

2,82 𝑘

=

0,022 ∗700∗1120
2,82 ∗1,3

= 31 s

(12)

It will be further 2 cm of material before this effect is noticed at the enclosure surface, then the total
time becomes 123 s. Still, this is a rather short time-frame why the semi-infinite assumption may not
be valid for thin linings. Likely application thickness in tunnels is between 2 and 6 cm [1]. For 10 cm
concrete semi-infinity can be assumed according to Eq. (12) for about an hour. The corresponding
time for a 10 cm calcium silicate wall would be about 13 minutes. This time would further be
increased until this effect is noticed at the enclosure surface. Anyhow, the effect from the thermal
inertia of the enclosure material can still be expected to be significant despite that the semi-infinity
assumption may not be valid.
As we are solving this as a linear response problem, it is important to investigate to what extent this
can be seen as a linear response problem. In theory the system should be causal, linear and stationary.
Causality is not a problem as the heat loss through the walls will indeed be zero until there is an
increase in temperature. However linearity is trickier. In fact, for concrete and many other materials
we know it is not linear as, for example, water evaporates at 100 ° C and therefore there is a none201
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linearity around this temperature. Stationarity is not a problem as the same temperature increase will
result in the same response independent of time. So linearity is the key problem here. If kρc would be
constant with regards to temperature a semi-infinite wall will behave linearly. In general terms for
concrete, k decrease by a factor of about two with a temperature increase from 20 to 1200° C, c on the
other hand increase by a factor two from 100 to 150° C, after which it decrease to the original value, ρ
only decrease by some 10% from 20 to 1200° C [8]. In this sense the effect on kρc is leveled out to
some extent, but it is not constant as it should be for linearity in theory. For many fire science
applications linearity in kρc is assumed. We can expect that it is a valid assumption also in this case,
and that the error in the results due to this is limited. However, comparison with experimental data is
necessary to clarify the net model limitations. At least we can see from comparison with the formula
by Ingason [3] that the result looks plausible.
In reality there would also be a feedback from the enclosure on the fire growth rate depending on the
thermal inertia (e.g. [9], [10]). Therefore insulation would contribute to higher fire growth rates. This
effect is not considered, but would result in larger differences in the temperature development
between insulated and non-insulated tunnels. The fire growth rate is also dependent on the ventilation
conditions and the geometry of the tunnel cross section. A high and wide tunnel enclosure would give
less feedback to the fire, but could at the same time increase the supply of oxygen.
CONCLUSIONS
A theoretically simple method has been proposed for the calculation of time dependent temperature
development downstream a tunnel fire accounting for wall heat losses through conduction. At high
temperatures we can expect conduction to be the main heat loss mode, why this is an interesting
phenomenon to quantify. The results from the model are interesting and reasonable but comparison
with experimental data is lacking. The most important model assumptions are: infinite heat transfer
coefficient to the wall surface, tunnel enclosure made of one semi-infinite material, and a constant kρc
with regards to temperature. Due to these assumptions a fairly simple model is derived which we still
believe capture the core phenomenon of heat loss through the tunnel walls. The model predicts the
temperature evolution to be significantly affected by the thermal inertia. Already some 30 meters
downstream the fire a considerable difference was noted between calcium silicate and concrete. This
effect will further increase with the distance from the fire. We think this effect should be considered
in the fire safety design of tunnels and we hope this paper will encourage much discussion and future
research.
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ABSTRACT
This paper contains a proposal of new Swedish framework for performance-based design of road
tunnel fire safety derived from Swedish and European regulation. The overall purpose of the guideline
is to protect life, health, property, environment, and key societal functions from fire. The guideline is
structured into five key groups of requirements: #1 Proper management and organisation, #2 to limit
the generation and spread of fire and smoke, #3 to provide means for safe self-evacuation, #4 to
provide means and safety for the rescue service, and #5 to ensure load-bearing capacity of the
construction. Each group contains a hybrid of prescriptive requirements, performance-based
requirements, and acceptable solutions. Prescriptive requirements must be fulfilled, however, it is the
choice of the design team to either adopt the proposed acceptable solutions, or to design alternative
solutions by verifying that performance-based requirements are satisfied. The proposed design guide
has been developed by the authors together with the advisory group established for the work.
KEYWORD: tunnel fire safety; performance-based requirements; design; verification
INTRODUCTION
Catastrophic tunnel fires such as the Mont Blanc fire in 1999 have highlighted the potential
consequences of such events. In the Mont Blanc case many people lost their lives, and the tunnel
remained closed for several years [1]. In 2004 The European commission issued a directive on
minimum safety requirements for tunnels in the trans-European road network [2].
Despite the directive and several national laws on tunnel safety, at large there is a lack of agreement
regarding what constitutes tunnel safety and how verification of safety should be performed. Swedish
stakeholders have a diversified view on this subject, it is to some degree unclear what constitutes fire
safety, what an acceptable fire safety level should be and which roles different stakeholders have [3,
4].
According to the EC directive a risk analysis has to be performed, but it is not clear why or how the
results should be used. In practice, due to several prescriptive requirements, there is a limited
possibility for safety trade-offs. Furthermore, there is an imbalance, as most measures focus on
reducing consequences instead of reducing the likelihood of occurrence. This is often due to
predefined design fire requirements in which the fire has already been assumed to have happened, i.e.
likelihood of occurrence is not emphasized. It was realised that future research should focus on
developing the concept of acceptable performance and risk if we are to be able to consider safety
trade-offs [4]. Therefore a project was initiated by the Swedish Transport Administration (STA) with
the goal to develop performance-based fire safety guidelines. The purpose of this paper is to present a
concept for more performance-based guidelines which would allow for risk-based design and for
safety trade-offs, e.g., technical trade-offs between fire suppression and fire resistance.
The general idea of the new tunnel guideline was to resemble the procedure from the building
regulation. By doing so it is hoped that the building industry will be familiar with the structure and
procedure.
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Legal requirements and political objectives
Several legal requirements and political objectives influence how a tunnel is designed and therefore
also what requirements the tunnel must fulfil. The overall requirement for Swedish road infrastructure
is to ensure an efficient and sustainable socio-economic provision of transport for citizens and
industry throughout the country. Keywords are availability, safety, environment and health [5]. On a
legal level the planning and building act [6] and the planning and building ordinance [7] applies to
tunnels as they are construction works. In this ordinance five basic fire safety requirements for
structures can be identified from the EU Construction Products Directive (CPD). For tunnels the act
on safety in road tunnels [8] and the ordinance on safety in road tunnels [9] further specify the
requirements set out in the EC directive. Other laws concerning crisis management [10, 11], fire
safety management [12, 13], and the prevention of accidents [14] also sets requirements for the
performance of tunnel fire safety. Specific requirements for buildings are issued by the Swedish
National Board of Housing [15].
The Swedish building code
The current building code is, compared to previous editions, updated and re-written to better provide
the designer with performance-based regulations and general recommendations supporting the
requirements. As not all requirements can be formulated in a performance-based manner some
prescriptive requirements still exist. The code separates the requirements from the recommendations
which in turn provide guidelines for how the requirements can be fulfilled. The level of safety is then
defined by the use of the general recommendations but they are not mandatory and other solutions to
the requirements may be obtained by performance-based methods which fulfils the requirements, but
not the general recommendations. The designer has to follow all prescriptive requirements.
The Swedish National Board of Housing, Building and planning [16] also issued guidelines for the
verification method for performance-based solutions (known as the analytical design option). This
guideline provides the designer with a recommended procedure for how to verify that the building
meets the requirements. The guideline also includes information on practical design issues. The most
frequently used formal base for the verification is the scenario-based risk analysis. The designer can
apply other higher order methods like a quantitative risk analysis but also more qualitative methods.
However, for these latter methods there are no detailed recommendations presented apart from the
general procedures on performance-based design.
As the scenario-based risk analysis is an implicit method, no formal considerations have to be taken
with respect to scenario frequency. Instead the method focuses on the consequences of the scenarios
and the guideline for performance-based design presents information on design scenarios and other
relevant data for the analysis. The choice of design values are supposed to cover most of the possible
scenario outcomes, implicitly considering the likelihood of accidents.
The procedure in the guideline presents a four step approach that has to be followed.
•
•
•
•

Identification of the verification needs.
Verification of a sufficient fire safety level.
Review of the verification.
Documentation of the fire safety measures in the building (including the performed control).

An important part of the procedure is the first two steps. The first step is used to identify the boundary
conditions for the analysis and dependencies within the fire safety system. The second step includes a
risk identification task aiming at identifying potential scenarios that are relevant for further analysis.
There are no explicitly given scenario locations for each building type but the risk identification is
supposed to provide the designer with a proper baseline for the ensuing verifications.
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GENERAL REQUIREMENTS AND GUIDELINE STRUCTURE
Based on legal requirements, political goals, and latest research, requirements for tunnel fire safety are
identified. An account of this work process is given in the final report of the project [17, 18]. The
hierarchy and structure of the resulting guideline can be seen in Figure 3.

Figure 3

Overview of the guideline structure.

The guideline starts from the overarching aim to protect life, health, property, environment, and key
societal functions from fire. Several requirements exist, mainly derived from laws, to fulfil this aim.
The guideline starts with an introduction and general requirements. A key general requirement is that
the fire safety protection is robust so that all or a large part of the protection does not fail by a
common cause.
On a high level a safety concept is established for all tunnels, this is a description of key principles
and technical, organisational, and administrative measures used to achieve safety. The safety concept
is an overarching document presenting the strategy for safety of the tunnel.
All tunnels are divided into three classes (TA, TB, and TC) depending on traffic volume, amount of
heavy goods, and tunnel length. Secondly there is an additional class (TA*, TB*, TC*) for vulnerable
tunnels with special need for protection. A tunnel can be vulnerable as a whole or concerning one or
more specific requirements. For such cases the prescriptive solutions can in some cases be increased,
or they are judged to be obsolete. Verification against performance-based requirements is then
recommended.
Design and verification of compliance can either be performed by a simplified verification against
pre-specified acceptable solutions, or by performance-based design. Performance-based verification
follow the same procedure as is used for buildings, see section 1.2. Depending on the complexity of
the needed verification, the method can either be a qualitative analysis, scenario risk analysis, QRA,
or another suitable method. Note that the suggested methods for performance-based verification are
recommendations and that other methods may be used. The only requirement is that the analysis
follows the procedure outlined in section 1.2, and that performance-based requirements are fulfilled.
The fire protection is said to be satisfied if one of the following points are met:
• compliance with all requirements of the guidance,
• comparison with a reference tunnel with the resulting protection from applicable acceptable
solutions showing equivalent or higher safety, or
• the criteria given in this guidance for scenario risk analysis are achieved.
After the general requirements the guideline is further structured into six groups of requirements
which are as follows: organisation & management, to limit the generation and spread of fire and
smoke, to provide means for safe evacuation, to provide means and safety for the rescue service, to
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ensure load-bearing capacity of the construction, and to limit the spread of fire to neighbouring
construction works, see Figure 4. Each group contains a hybrid of requirements consisting of
prescriptive requirements, performance-based requirements, and acceptable solutions.

Figure 4

Summary over the tunnel fire safety guideline.

REQUIREMENTS FOR TUNNEL FIRE SAFETY
From the derived guideline containing all specification for fire safety which is appended in the final
report [17], the most important performance-based requirements can be identified. Group number six,
limit the spread of fire to neighbouring construction works, only apply to very specific tunnels where
nearby constructions exist and where these would be at risk. However, the other five groups of
requirements are of significant importance for the overall performance. The key requirements
specifying the main part of the performance of tunnel fire safety are summarised in Figure 5.
Depending on the chosen safety concept, different systems can become critical for the overall safety.
The safety concept will therefore affect, and to some extent, define the requirements for such systems
(e.g. ventilation, fixed fire suppression systems, evacuation, or load-bearing capacity).
Organisation and management
As part of the ever on-going systematic fire safety work, the tunnel manager should ensure necessary
organisational, administrative and technical measures for safe operation, proper maintenance, and
efficient incident and traffic management. Training, learning and scenario exercises (tabletop
exercises used to practise and evaluate alarm and decision chains) should be performed to validate and
verify that the response to incidents, accidents and emergencies is efficient.
For vulnerable tunnels, exercises and other methods should ensure that the organisation that is created
before, during and after crisis is fit to take appropriate response.
Almost every system is dependent on maintenance and the correct training to be functioning in the
intended way when needed. Organisation and management is largely pro-active which in general
makes it very cost efficient and effective albeit it may be hard to quantitatively assess its utility [18,
19].
Verification of compliance could be internal and external administrative control [20] including the
execution of exercises and existence of a total quality management (TQM) system such as ISO 9000
[21]. Through training and scenario exercise the organisation and technical requirements can be
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logically tested. In the Netherlands, several interesting methods are being used and developed in this
respect [22, 23]. Depending on the tunnel class up to three categories of exercises are proposed. To
continuously improve safety during the operation of the tunnel the TQM system is essential to
structure and drive this process.

Figure 5

The key performance parameters that make up tunnel fire safety.

Limit the generation and spread of fire and smoke
The main requirement of this section is to offer protection against the origin, development, and spread
of fire and smoke within the structure. It can be subdivided in four subsystems: fire
compartmentation, wall-lining material, ventilation, and fixed fire suppression systems (FFFS).
Performance-based design methods may be applied or acceptable solutions may be adopted. Fire
compartmentation and wall-lining material are best verified through standards, e.g. the Eurocode. This
ensures that a fire will not spread or grow with the aid of the wall-lining material, and key structures
such as escape route will endure a certain minimal time.
Fire compartmentation for tunnels primarily aims at protecting life (the spread of fire to other parts of
the tunnel is not as severe as the fact that there already is a fire in the tunnel). EI 60 is recommended
as a sensible level of protection in the light of the dynamics of a tunnel fire. Tunnel fires can be more
severe than the ISO 834 standard fire curve (higher temperatures in the ceiling), but the dynamics of a
tunnel fire follows the air flow along the tunnel which means the fire stress and the integrity of wall or
doors at a height up to 3 m should not be more severely stressed than a corresponding one hour
standard fire.
Depending on other requirements and the overall safety concept of the tunnel certain strategies for the
ventilation system might be necessary to achieve a safe evacuation. Regarding spread and generation
of fire a minimal amount of ventilation is preferable [24-26]. For limiting the generation and spread of
fires a FFFS can be very effective [27]. This can also have a positive effect on other objectives such
as evacuation, load-bearing capacity, and the rescue service as the fire, in general, will be smaller.
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To provide means for evacuation
The tunnel shall offer the users the possibility to reach a place of safety in the event of an emergency.
Evacuees must not be exposed to falling objects or physical obstructions, high temperature, high heat
flux, high levels of toxic gases, or poor visibility. Verification of compliance can either be through the
use of acceptable solutions or through performance-based design.
Evacuation is a difficult area which not only depends on the fire development and technical systems,
but also human factors. In tunnel fires, smoke is what cause fatalities. Life safety is therefore best
achieved if evacuation through smoke can be avoided (this could be a principle defined in the safety
concept). Depending on the tunnel and traffic situation this could for example be achieved in
unidirectional tunnels by ensuring that the smoke travels with the traffic flow and that downstream
traffic safely can continue driving. Other tools for improving the smoke conditions in the tunnel can
be a FFFS or a one or two-point smoke extraction system [28]. Thus, the need for verification depends
on the safety concept and tunnel (e.g. evacuation in smoke can theoretically be avoided for
unidirectional tunnels without traffic congestion with longitudinal ventilation > 3 m/s). For the cases
when evacuation has to be performed downstream a tunnel tenable conditions for the evacuees needs
to be ensured. This can be achieved by complying with proposed solutions, or through performancebased design.
In the guideline, performance-based design through scenario-based risk analysis is proposed. For such
an analysis there are many aspects that need to be thoroughly considered, for more details consult the
guideline report [17]. As the scenarios are pre-specified, this sets the level of safety to strive for. To
account for the fact that some tunnels bear a higher risk, the risk classes defined earlier are used to
differentiate. Likely fires for tunnels involving single vehicles are a car fire, an HGV fire, or a bus
fire. A relatively large HGV fire (50 MW-100 MW) can be seen as a worst plausible fire. This fire is
selected to test the system for the case when all systems work as intended. This means that if for
example an FFFS is installed, the benefits from this can be accounted for. However, to account for the
risk that safety systems may not work as intended, and to aim for a robust solution, a plausible fire in
a car (5 MW-10 MW) is used to stress test the system when one safety system is out of order. To
ensure safety also for vulnerable tunnels, e.g. tunnels under water, more difficult scenarios are used
for the stress test. To account for the influence from ventilation on the fire size, the fire can be
reduced or increased if the ventilation is higher or lower than 3 m/s. In table 1 the fire scenarios for
the evaluation of life safety are given.
Table 1
Scenario
group
1

2

Proposed fire scenarios for performance-based verification of life safety.
Heat release rate
Fire growth
Yields and heat
of combustion
A goods vehicle fire
TA and TB: α = 0,19
TA: 100 MW
kW/s2. For tunnels with
TB: 75 MW
YCO2=2,5 g/g,
longitudinal air flow less
TC: 50 MW
YCO=0,1 g/g,
than 1,5 m/s: α = 0,047
YSot=0,1 g/g,
kW/s2
YHCN=0,01 g/g
TC: α = 0,047 kW/s2
H
ec=25 MJ/kg
A car fire
All tunnel classes: α =
2
TA: 10 MW
0,047 kW/s
TB: 7,5 MW
TC: 5 MW

To provide means and safety for rescue operations
The main requirement is that the rescue service can undertake life-saving and fire extinguishing
activities with satisfactorily safety for their personnel. A rescue plan must be drawn up in conjunction
with the local rescue service. Furthermore it must be possible to locate the position of fire, to reach
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the fire, to have means for controlling the smoke and extinguishment, and to be able to communicate
by radio in the tunnel. To ensure the safety of rescue personnel several measures can be taken: a
ventilation system can control the heat and smoke, FFFS can reduce the fire size and cool the fire and
structure, and the load-bearing capacity should be in relation to their need. This requirement can be
verified and developed through scenario exercises, training or by other means.
To ensure load-bearing capacity of the construction
The final key performance parameter is the load-bearing capacity. The main goal with this
requirement is that the load-bearing capacity of the construction can be assumed during the event of
fire. A collapse or partial collapse could lead to time consuming reparations or refurbishments which,
from a socio-economic perspective can be very expensive. This was not least the case with Mont
Blanc after the fire in 1999 the tunnel remained closed for three years. In the developed guideline two
methods are proposed to verify that the load-bearing capacity is sufficient. The first method is based
on a time-temperature curve which the design should handle for a specified amount of time. Choosing
between standardised fire curves, the HC-curve defined in EN 1991-1-2 was selected. However,
tunnel fires can be more severe than the HC-curve why the RWS curve sometimes is proposed [17].
At the other extreme the ISO 834 standard curve is sometimes used for tunnels although it
underestimates the ceiling temperature considerable. A drawback with the RWS curve is that it has
such fast temperature increase that the material values of Eurocode do not apply. A second important
design fire parameter is the length of fire exposure. Vehicles involved in a tunnel fire are likely to
burn intensively for less than one hour [29], however, during this time the ceiling temperature can be
as high as 1350 °C. In the design guide we have proposed to use the HC-curve. To account for
differences in tunnel risks, longer time periods are proposed for tunnels with a higher risk, see Table 2
below. However, to use a pre-specified fire curve is a crude approach as neither the tunnel crosssection, ventilation, tunnel fire dynamics, or any FFFS are considered. Therefore, a more
performance-based approach is also suggested.
Table 2
Proposed fire scenarios for verification of sufficient load-bearing capacity.
Tunnel class
Not sensitive to collapse1
Sensitive to collapse 1
TA
120 minutes, HC-curve
180 minutes, HC-curve
TB
90 minutes, HC-curve
180 minutes, HC-curve
TC
60 minutes, HC-curve
180 minutes, HC-curve
In the performance-based approach the ceiling temperature is calculated from a set of representative
scenarios for the load-bearing capacity. In the calculation method, originally proposed by Li and
Ingason [30], parameters such as ventilation, fire size, and tunnel geometry are accounted for. This
will lead to a unique time-temperature curve for the specific tunnel in question. Scenarios for
evaluation of the performance-based design are, as for verification of life safety, pre-specified, see
table 3.
Table 3
Scenario
group
1
2

Proposed fire scenarios for verification of sufficient load-bearing capacity.
Not sensitive to collapse1
Sensitive to collapse1
100 MW and 500 GJ goods
vehicle fire, α = 0,19 kW/s2
10 MW and 20 GJ car fire, α =
0,047 kW/s2

100 MW and 1000 GJ goods
vehicle fire, α = 0,19 kW/s2
100 MW and 500 GJ goods
vehicle fire, α = 0,19 kW/s2

1

A collapse-sensitive tunnel is one that passes underneath a water body, or which would create serious
consequential effects in the event of a collapse, or where there are buildings above the tunnel.
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DISCUSSION
The advantage with performance-based design is that specific solutions appropriate for the actual
circumstances can be engineered. However, the disadvantage is that verification is more difficult. In
contrast a prescriptive approach is easier to verify and is usually based on practice from what has
worked before, which means that it is robust for standard application, but may be a poor solution
under new circumstances.
Another difference between the two approaches for verification is that technical changes or coupling
effects between safety systems aiming at different main requirements can be accounted for in a
performance-based approach. For example, if FFFS is installed in the tunnel it affects several other
parameters such as the fire size which might result in a prescriptive solution becoming obsolete or
unnecessary conservative.
Some requirements in the guideline are still more prescriptive than performance-based, this is most
often due to that there are prescriptive legal requirements which need to be fulfilled and/or because no
clear and verifiable performance-based requirements could be formulated. However, another solution
which often has been applied is that prescriptive legal requirements are made into recommended
acceptable solutions and a parallel performance-based requirement. In legal terms this should be
satisfactory as the European directive on tunnel safety [2], as well as some Swedish laws, opens up for
alternative solutions provided that the alternative measures will result in equivalent or improved
protection, i.e. if the performance-based requirement is satisfactorily met. One interesting example is
ventilation which is regulated in several paragraphs in the EC directive although, in terms of
performance-based thinking, ventilation is just a means to reach several other goals. Therefore the EC
requirements on ventilation are turned into a recommendation of an acceptable solution, while several
performance-based requirements, e.g. means for evacuation, decide the requirements for ventilation in
a performance-based solution.
In relation to the safety circle, all but the requirement on organisation and management deal with
preparation, mitigation, and intervention. This likely has to do with the current paradigm being
consequence-focused, as was noticed in the pre-study [4]. If current laws are used as guiding
principles the result will focus on the same thing as the laws. On the other hand, organisation and
management covers all aspects of the safety circle but mitigation.
From a legal perspective and from the tradition in Sweden there is little encouragement in using other
engineering methods than risk analysis for achieving safety (e.g. fail-safe design, inherent safety, or
Systems Engineering). Based on reference group meetings and interviews it also seems that there is
much room for improvement of TQM systems and administrative controls [18]. As a consequence we
often speak about ‘verification of safety’, however for performance-based design one should also
consider validation. Verification in engineering commonly refers to “are you building it right?”, while
validation refers to the question “are you building the right thing?” Systems engineering, for example,
is one field that systematically deals with these two issues. However, Scenario exercises, and
emergency exercises are two methods from the guideline that highlight the issue of validation, even if
different exercises in reality can give results related also to verification. Scenario exercise can be used
early in the design to highlight different essential functions and needs. Emergency exercises can be
carried out once the design is ready and validate the final installations and overall organisation.
CONCLUSIONS
A Swedish framework for a performance-based design guide for tunnels has been proposed. The
framework is presented in detail in the report [17]. The framework allows for both prescriptive and
performance-based design depending on the need. From the framework eight key performance
parameters are identified.
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The idea of the tunnel guideline and Swedish building regulation is to let the designer choose which
verification principle to use for each affected requirement. In the regulation this is achieved by
presenting performance-based requirements together with acceptable solutions as recommendations.
This means that one can either choose to implement the acceptable solution(s) to automatically fulfil
the requirement, or one could engineer another solution using performance-based design to verify that
the performance-based requirement is achieved. The advantage compared with current, more
prescriptive, framework is that more efficient solutions taking account of actual risks and needs can
be engineered.
For verification of performance-based requirements through risk analysis there are considerable
uncertainties. By aiming at the simpler risk analysis methods, e.g. scenario-based risk analysis, and by
offering guidance or fixed values on several input variables it is argued that some of the uncertainties
are reduced. Other methods, e.g. scenario exercise, STAMP and emergency exercises, addressing
validation and organisational factors are an indispensable compliment.
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Recommendations from The METRO Project
– Don’t Panic!
Nick Agnew & Conrad Stacey
Stacey Agnew Pty Ltd, Brisbane, Australia

ABSTRACT
The METRO Project was a Swedish research program conducted between 2009 and 2012, that
focused on improving knowledge in the area of fire safety in underground rail systems [1, 2]. This
paper looks at one of the key work packages of that project, namely WP1 (Design Fires), and how the
outcomes of that unique experimental work may practically influence the design and operation of
future rail infrastructure, and refurbishment of existing infrastructure.
The essence of the METRO Project recommendations was that fires for modern vehicles might be
slow to grow, but ultimately very much larger in peak heat release rate (PHRR) than has been
previously been adopted by industry for design purposes. Despite the industry caution about making
criteria more onerous, even if adopted in their entirety exactly as stated, the METRO WP1
recommendations won’t necessarily have a substantial effect on the complexity or cost of new
infrastructure, or provide grounds for upgrading existing infrastructure.
KEYWORDS: Underground fire life safety, tunnel ventilation, smoke management, train heat release
rate, The METRO Project, fire engineering, train fire, full scale testing
INTRODUCTION
The three subsystems that make up rail systems (rolling stock, infrastructure, and operations) cannot
be addressed in isolation as they are intimately connected. The remnant risk in the combined network
and running system needs to meet the owner and operator’s societal obligations. On passenger rail
system fire risk, the largest fuel loads and most likely ignition sites are the trains. Rolling stock
design determines not only the ability of passengers and crew to safely escape but also the ability of
emergency responders to safely access any incident site, and so it is fundamental to the fire safety risk
of the entire rail network.
The rolling stock design bears directly on the two primary fire life safety goals to:
1.
protect occupants not intimate with the initial fire development
2.
maximise survivability for occupants intimate with the initial fire development.
The choice of design PHRR, ignition scenario, and growth rate inevitably involves significant
subjective judgment as to what is reasonable. An understanding of what assumptions are important
can focus the ‘reasonableness’ judgment on the most significant assumptions.
Table 1 qualitatively summarises the major effects that rolling stock fire design parameters have on
the infrastructure design.
Choosing the right design fire parameters requires a balance between safety and cost of the trains, as
well as the cost of infrastructure facilities to address the train characteristics and passenger amenity.
For existing infrastructure there are also cost, practicality and business continuity considerations
related to upgrading infrastructure and rolling stock. Rolling stock can be manufactured to have an
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extreme level of fire hardening and running capability; however as the level of rolling stock fire
hardening increases, the choice in materials and manufacturing techniques decreases. This both
increases the cost of the trains and reduces customer amenity. For example, a target single car fire
power (to Duggan’s method [4] and not be confused with design PHRR) of approximately 15 MW to
20 MW can be readily achieved with modest materials and moderate fire hardening. In the authors’
experience, however, a Duggan fire power of less than 10 MW is expensive to achieve with the same
level of passenger comfort.
On the basis of full-scale testing of single metro-style carriages in the Brunsberg Tunnel in Sweden,
on model scale tests, and on the 2012 full-scale tests in Canada, METRO Project WP1 (Design Fires)
recommended the following default (worst case) design scenarios.
• A “fast” (or “ultra-fast”) growth rate fire to 60 MW for the design of station ventilation
systems and means of egress, (representing an arson scenario and all rolling stock doors open
(the WP1 recommendations allow the 60 MW station value to be reduced at the discretion of
the designer, depending on the material fire performance of the subject vehicles).
• “medium” growth rate fire to 20 MW for the design of tunnels, assuming doors closed.
The main areas of potential influence of these recommendations on existing and future infrastructure
are highlighted below in Table 1.
Table 1
Scale of influence of rolling stock fire parameters on infrastructure design
Affected
Impact of
Impact of
Impact of PHRR
Infrastructure Aspect
Energy
Flammability/
(MW)
Content (MJ) Growth Rate /
Spread (MW/s)
Life safety in stations
Insignificant
Major
Minor
Life safety in tunnels
Insignificant
Major
Minor
Major
Major
Fire brigade safety
Minor
Asset protection/business continuity
Major
Minor
Major
Structures
Major
Major
Moderate
Major
Tunnel ventilation capacity/plant
Insignificant
Insignificant
Insignificant
Minor
Major
Underground station ventilation
capacity/plant (high level atrium exhaust)
Insignificant
Insignificant
Minor
Underground station ventilation
(aerodynamic smoke separation between
platform and higher levels)
Major
Temperature exposure of ventilation plant
Insignificant
Insignificant
PEAK HEAT RELEASE RATE
Accepting that there is a continuum of possible fire scenarios, underground rail infrastructure for
electric rolling stock is typically designed for a PHRR of the order of 10 to 20 MW, with some down
to 5 MW.
Figure 1 demonstrates that the PHRRs used around the globe for designing for life safety cover a very
broad spectrum (with at least some of the spectrum width due to differences between rolling stock). It
is interesting to note that the experimental test data is biased towards the high end of the spectrum,
while the actual project design inputs are biased towards the lower end. That mismatch is at least
partly because operators and rolling stock manufacturers are more reluctant to burn new cars, and so
the vehicles tested are older stock.
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Figure 1
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METRO Project Test 2/3 (76.7 MW/77.4MW)
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Vienna Metro (30MW)
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London Underground (tunnels)

5 MW

UPTUN/Australian Standard AS4825 (low
combustibility)

British Rail Sprinter Test
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Indicative global spectrum of single-car peak heat release rate used for infrastructure
life safety design (test data in bold) [12, 6, 5, 7, 1, 15, 14, 2, and various project
information available to the authors]

Of the full scale test data that are available, a range of between 7 MW and 76 MW is indicated [12, 7].
A number of the high values quoted above were from the EUREKA 499 tests in 1992 which included
intercity cars and a subway car (13 MW to 43 MW). The METRO Project produced a measured
PHRR of 77.4 MW [12] for an older style of vehicle located in a relatively confined tunnel
environment. The PHRR was reached 12.7 minutes after ignition. A similar test was performed with
a ‘modernised’ vehicle fit out where spread was controlled through the use of fire hardened seats and
aluminium covered wall and ceiling linings. In that case, the initial fire development was very slow,
with 110 minutes before there was significant heat and 118 minutes to the peak heat release. The
contribution of the included passenger luggage to PHRR in the METRO tests has been estimated to be
approximately 10 MW [11]. The luggage is also important in fire growth, particularly when the fire
hardening of the rolling stock means that the luggage is the most easily burnt fuel. These are
important considerations when interpreting the METRO data in the context of a rail system where
there is little, if any, carry-on luggage.
The initial development of heat release rate is greatly affected by the location, size and type of the
ignition source. Ventilation of the vehicle, including the door status and window failure sequence,
become important when the fire has properly taken hold. That is; the choice of heat release rate for
design inevitably involves significant subjective judgment as to what is reasonable. There has been
some recent academic effort in applying CFD and other fire spread models for predicting fire
development and heat release rates [15, 9, 12, and 10]. Fire growth simulation by CFD is still a
research area and not a trusted design tool, particularly post-flashover. Designers rely on manual
estimation methods referencing also published full scale test data.
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For a known or estimated heat release rate, the energy content of the vehicles provides a time scale
that can be used to assess level of fire exposure of structures and fittings. At high fire powers, the fuel
cannot last long, decreasing the exposure time at high temperatures. For this reason, energy content
has particular relevance to business continuity risks and asset protection. The fuel loads for the
EUREKA test vehicles ranged from approximately 41.3 GJ (German subway car) to 77.0 GJ (German
intercity car). Modern fire-hardened electric vehicles have a total fuel load of the order of 23 GJ. For
the METRO Project, approximately 64 GJ and 71 GJ of energy was liberated from Tests 2 and 3
respectively [12]. For the Canadian full-scale tests, the Korean subway car and coach car released
approximately 23 GJ and 50 GJ respectively [6]. For the recent full-scale Vienna metro vehicle tests,
the energy content of the older U car and newer V car were estimated to be approximately 80 GJ and
52 GJ respectively, including the under-carriage material [14].
The trend towards open gangway trains, with no separations between three, six or more carriages
creates new uncertainty. The authors are not aware of any full scale fire testing that addresses the
impact of open gangways on the time development of heat release rate, or on PHRR. On the face of
it, having open gangways counters two fundamental principles of fire life safety, namely fire
containment and smoke compartmentalisation. Without inter-car separations, the smoke and fire will
more easily spread along a train. Viewing the situation holistically though, the improved visibility
along the carriages may reduce overall risk by discouraging anti-social behaviour such as arson.
In cases where the train doors are closed, the open gangways can increase ventilation of the incident
car and it is anticipated that there will be some impact on the initial fire growth in the vicinity of the
fire seat. It is also expected that, at later stages during fire development, there may be some
compounding of heat release rate along the train as each car becomes involved more rapidly than it
would if the cars were initially separated. Also, to the extent that inter-car separation forces the fire
spread to be external to the cars, spread upwind will be slower in separated cars. Inside an open
gangway vehicle, spread will occur more equally in both directions.
On the basis of the learnings from the METRO Project, scale model testing may be useful in the first
instance for establishing the broad effects of open gangways on tunnel and station fire life safety.
FIRE GROWTH RATE
For life safety design, the industry applies fire growth rates anywhere from “medium” to “ultra-fast”
on assuming the standard pre-flashover time-squared function (e.g. as defined in ISO/TR 13387-2).
The authors are aware of one North American project where a “slow-medium” rate was assumed for
the infrastructure design. Also, given the possible variability in initiation, from hours of smouldering
to sudden ignition of a liquid fuel source, the choice of “time zero” can be relatively arbitrary. What
counts as “time zero” may be unimportant for structural fire resistance or ultimate tunnel ventilation
capacity but the assumption of quadratic or exponential growth from time zero makes it critical to life
safety in underground environments. Figure 2 below summarises heat release rate time traces from a
number of full scale vehicle fire tests over the last 20 years including the METRO Project. As for the
PHRR data described above, a wide spectrum of growth rates is seen, ranging from approximately
‘medium’ to in excess of ‘ultra-fast’.
Modern rolling stock, especially when designed for underground use to standards such as EN 45545,
will be resistant to the initial fire spread between fuel packages and therefore resistant to local
flashover at the fire seat. For well fire-hardened vehicles, even an arson ignition scenario involving a
liquid accelerant, growth to involve the entire vehicle may occur very late in the event or not at all.
This was seen in the METRO Test 3 and Vienna V-Car tests [14]. For the carriage studied in the
METRO Project, it was estimated that the initial fire had to grow to a “critical” heat release rate of
between 2 and 3 MW before it could continue to spread longitudinally to eventually involve all of the
fuel inside the vehicle [11].
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Figure 2

Measured heat release rate data for METRO Project Test 2 and Test 3 (temperature
based measurements) [12], EUREKA tests, Vienna tests [14] and the 2012 Canadian
tests [6] (METRO Test 3 time base has been offset 108 minutes towards time zero.
Vienna test time base has been shifted by 30 minutes. In reality METRO Test 3 and the
Vienna test had lengthy development times prior to carriage flashover that meant there
was no threat to life at all) (Canadian, Vienna, and EUREKA data have been manually
extracted from literature) (x-axis has been truncated at 25 minutes to better show the
detail up to the point of decay)

TEMPERATURES AND STRUCTURAL FIRE RESISTANCE
Structural design assumes a temperature-time curve. Most codes and standards applied to surface
building design reference the ISO 834 temperature-time curve or similar. This represents a relatively
slow growth rate cellulosic fire, so it is not particularly applicable to rail vehicle fires that can grow
faster. Australian Standard AS 4825 suggests the RABT-ZTV (train) fire curve as a suitable
temperature-time curve for structural protection, so long as asset protection objectives do not dictate a
more onerous requirement. The EU Technical Specification for Interoperability for Safety in Railway
Tunnels calls up the RABT-ZTV (train) fire curve for rail tunnels.
The METRO tests showed that, for a single rail car in a tunnel, the duration of peak temperature is
about 10 minutes. If the cars in a train burned sequentially, longer times could result. However, the
high temperature (flame) zone would move along the train with the fire such that the exposure of any
one structural element would still not be so long.
The tunnel temperature-time curves for METRO Test 2 and Test 3 are remarkably similar to those
from the 20 year old EUREKA subway train tests (Figure 3).
Figure 3 shows the RABT-ZTV train and car curves to be overly conservative design inputs for metro
tunnels and stations using older rolling stock. For modern fire-hardened metro-style rolling stock
with a low energy content that is built to a standard such as EN 45545, the conservatism can only be
greater. The RABT-ZTV train curve spends an unrealistically long time at the peak temperature and
the decay in temperature following the peak is too slow for the style of metro vehicle tested.
It is noteworthy that once a fire grows large enough to continue to spread along a car, the data suggest
that the intense period (temperatures above say 600°C), during which the worst infrastructure damage
will occur, lasts only 10 to 15 minutes. Damage will continue to occur at other locations as the fire
spreads between cars and moves along the train.
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Figure 3

Various time-temperature curves for tunnels, including the METRO Project Test 2 and
Test 3 [12] and EUREKA 499 test [13]. For the METRO data, the curve is the maximum
of the ceiling temperature data for measurement locations directly above, and around
10 m downstream of the fire car (spatially, a conservative representation of the METRO
data). The time base of METRO Test 3 is offset towards time zero by 108 minutes).

For older or less fire-hardened metro trains, the short timescales involved with fire development and
local flashover, means that there will be little opportunity for effective fire brigade intervention and
asset preservation. For new fire-hardened rolling stock, the growth and any onset of local flashover
may be delayed sufficiently that intervention occurs before there is a significant fire (Test 3 in Figure
2).
On the basis of the EUREKA 499 data, the RABT-ZTV (train) time-temperature curve is more
appropriate for infrastructure servicing larger intercity trains with high energy content (Figure 4),
although it is somewhat conservative for maximum exposure temperature. One EUREKA intercity
train test peaked at approximately 1000°C, but didn’t last long. Other tests had lower temperatures
but for longer. For similar energy content, you cannot have both high temperature and long duration.
The RABT-ZTV curve represents an envelope over all EUREKA test data, with a maximum
temperature of 1200°C (above the highest seen) and a duration which, in the same curve, encompasses
the coolest, slowest burning test. The energy implied by the RABT-ZTV curve is many times the
energy released in any one single-car test.
TUNNELS
Life Safety
Rail tunnel safety cases generally rely on controlling the probability of a major fire on a train in a
tunnel. With current design practice, there are limited options if it does occur and no sure way for
keeping all occupants safe, particularly those who may be located downstream of the fire.
The hierarchy of risk control that is applied in many industries suggests that the most significant risk
reduction contribution in an underground rail network would be from measures that address
mitigation and prevention. That notion is supported by the EU Technical Specification for
Interoperability for Safety in Railway Tunnels. Modern rolling stock specifically designed for
extended underground use will normally be provided with a minimum running capability such that if a
fire developed onboard because of hardware failure or arson, it can continue to be driven to the next
station (or equivalent point of safety).
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Figure 4

EUREKA test data for intercity
trains temperature [13] with
RABT-ZTV (train) curve

Run time or distance between points of safety in a network is one of the determining factors for
EN 45545 rolling stock fire performance requirements. The METRO Project Test 3 demonstrated that
a high level of fire-hardening can significantly delay the onset of full carriage involvement following
an internal arson event (in Test 3 by over 1.5 hours) thereby preserving running capability for that
scenario. That is; it would be highly unlikely that a fire occurring on a very fire-hardened train could
grow to such a size that it could physically disable it in a tunnel, even with several kilometres of
distance between stations or points of safety.
The model scale and full scale METRO Project testing showed that fire spread through carriages
occurs via a moving “local flashover” front. Local flashover in carriages was a phenomenon that was
also identified by White [16]. For METRO Test 2, initial local flashover at the fire seat occurred
within approximately 4 minutes from ignition. The flashover “front” then continued to move through
the carriage at a speed of up to 1.5 m/min [11]. With such short timescales for development and
growth, those data suggest that for old carriages, with wall and ceiling linings that can readily
participate in the initial fire development, the possibility of the train being physically disabled in a
tunnel following an internal arson event is real.
It was assumed by the METRO Project that tunnel scenarios would most likely involve limited
ventilation of the incident car because of closed side and end doors, hence the recommendation for a
‘medium’ growth rate to a PHRR of 20 MW for use in tunnels. That design condition is largely
irrelevant to tunnel life safety for new and highly fire-hardened rolling stock with a fire growth rate
that should be much slower than ‘medium’, limited by combustibility well before ventilation limits
are approached.
There are a number of networks around the world where evacuation from a tunnel involves side
detraining and not end detraining. There is also a lot of new rolling stock with open gangways (i.e. no
barriers between cars). Open side doors and open gangways will increase the ventilation at the fire
seat and most likely increase the rate of fire spread. METRO Tests 2 and 3 were each conducted with
three doors open on one side of the test car. On that basis, it seems that for older vehicles where sidedetraining is implemented or where there are no inter-car barriers, a growth rate of at least ‘fast’ and a
PHRR of 60 MW may be more appropriate as a conservative starting point for a design fire than the
METRO recommendation of a ‘medium’ growth rate and a PHRR of 20 MW. Assuming a higher
PHRR would increase the required critical velocity and buoyancy pressures and suggest that the
tunnel ventilation rate should be increased. These effects require an increase in fan power. The
biggest design impact on tunnels is when increasing fan power is not sufficient on its own and extra
fan stations and power supplies are necessary. This can increase excavation and require additional
shafts or caverns.
For one preliminary tunnel design by the authors in which Saccardo nozzles were used for tunnel
smoke control, a larger design PHRR in the tunnels would have meant slightly larger and higher
pressure fans for the extra nozzle thrust required to drive smoke downgrade. It would have had a
limited impact on ventilation plant configuration and most importantly, excavated volumes and
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therefore project cost would not have been impacted greatly.
The introduction of a larger PHRR will have a greater effect on tunnel ventilation strategies that rely
on jet or impulse fans than on strategies that use Saccardo nozzles located at station ends. This is
because fans immersed in the smoke will have reduced effectiveness.
Intervention
The reasons for maintaining a reasonable longitudinal velocity over the fire are certainty in prevention
of backlayering and therefore safety of responders upstream of the fire, cooling of the air and structure
downstream, and dilution of smoke downstream. With the highest heat release rates lasting only 10 to
15 minutes, some minor backlayering during that time beyond survivability limits is unlikely to
present additional problems. Such an approach would help keep the tunnel ventilation thrust
requirements within a reasonable and practical range, and consistent with the extremely low
probability of a train being stopped in a tunnel because of fire.
It has been suggested that responders may be best reducing the tunnel air velocity to zero, to smother
the fire and hence minimise fire growth and limit damage. This is inconsistent with any backlayering
prevention (Figure 5) but could be achieved with variable speed fans and active feedback control on
tunnel velocity. However, if it were successful in limiting the oxygen to the fire, that response
strategy would result in a fire that burns for longer, prolongs the exposure of structure to high
temperatures, and generates unburnt pyrolysis gases that could accumulate at the fire site or be
transported downstream. Those potential adverse effects may be unacceptable to responders.
Figure 5

Tunnel air speed to
generate critical annular
velocity and stoichiometric
air flow for a fire of a given
peak heat release rate
(generic bored rail tunnel
1% grade, 1 km length and
25 m2area)

STATIONS
Underground rail stations are quite different to surface buildings in that, during a fire, people need to
evacuate upwards, in the same direction as smoke will move. For underground stations, tenability
during the evacuation phase of the incident is what matters most and so fire growth rate is normally
more important than the assumed ultimate PHRR of the fire. PHRR is still a consideration for later
intervention stages. Underground stations are typically provided with means of egress to enable
evacuation of the platforms within a few minutes, and evacuation of the entire station within several
minutes.
For one station analysed by the authors, where aerodynamic separation of the platform was used for
smoke management and platform screen doors were installed, tenability outcomes were found to be
relatively insensitive to the vehicle PHRR assumed. Although originally designed for 20 MW, similar
life safety outcomes could be achieved for a 75 MW fire with minimal hardware changes, including to
ventilation capacity. For smaller volume stations with lower flows, such a design fire may also create
the need for duct cooling systems to limit the temperature of the primary emergency fans.
Architectural aspirations (e.g. wishes for atria above platforms and natural lighting down
access/egress paths) often conflict with such aerodynamic separation.
Photograph 1 below shows recent smoke testing conducted by the authors to commission an
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aerodynamic smoke separation system for protecting a vertical egress path from platform smoke. In
the photograph, smoke is being prevented from moving into the stair vestibule to the right by air
moving to the left at approximately 2.2 m/s.
For stations with a more open architectural form, and where smoke has to be managed using highlevel concourse or head house exhaust systems, the capacity of the ventilation systems can be
particularly sensitive to the magnitude of the chosen PHRR. The METRO-recommended 60 MW
PHRR can be accommodated with very large ventilation plant and the associated additional station
volume and power supplies.
The authors have recently been working on the fire life safety strategy for an underground rail station
with an open form which considers an ‘ultra-fast’ growth rate fire to a PHRR of 52 MW,
representative of a diesel locomotive fire. The station has a very large combined exhaust rate of
approximately 570 m3/s to provide tenability in all egress paths from the platform.

Photograph 1 Smoke testing to validate
aerodynamic separation of a
concourse from platform
CONCLUSIONS
1. There is a clear disparity between PHRR and growth rate values applied to projects over the last
20 years and the available full-scale and model-scale experimental data which demonstrate a
continuum of possible design fire conditions for the older rolling stock generally tested. The fact
that test data are generally higher than design figures is likely related to a preference by owners
for burning old rather than new rolling stock.
2. The METRO Project test data for PHRR and growth rate not only lie at the higher end of all
available full scale test data, but well above values that have been used on recent projects.
3. For old rolling stock where side doors are used for evacuation, or where open gangways are
provided, the authors believe that the METRO recommendation of a ‘medium’ growth rate and
20 MW PHRR (theoretically reached in 22 minutes at a medium growth rate) are not sufficiently
conservative for tunnel fire life safety design purposes. On the other hand, the impact of larger or
faster design fires on tunnel infrastructure design is generally not onerous.
4. With well fire-hardened rolling stock designed for a minimum running capability of at least
several minutes (built to EN 45545 Operations Category 2 or 3), the probability of an incident
train becoming disabled in a tunnel should be sufficiently low. Specifying a fire growth rate for
tunnel purposes is then largely redundant, as the focus would be on maintaining tenability at the
incident station while passengers evacuate from the train. There is still some relevance in
specifying a PHRR for the purpose of designing the tunnel ventilation system for fire brigade
intervention (which indirectly affects business continuity). The PHRR will impact thrust
requirements. With life no longer in the balance in the incident tunnel however, there may be an
option for the fire brigade to not intervene when the fire is at its peak. In that case, the choice of
PHRR for design may become largely irrelevant.
5. PHRR is not as important to life safety in underground stations as fire growth rate, so at ‘medium’
and ‘fast’ growth rates, there is little impact in changing from a typical industry PHRR value of
say 15 MW to the maximum METRO-recommended value of 60 MW. PHRR is still important
for intervention and business continuity outcomes. In any case, a PHRR of 60 MW is a
challenging, but not insurmountable design condition for a station ventilation system. Stations
which are more architecturally open from platform level up will be much more sensitive to the
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design PHRR than stations that use aerodynamic separation and containment at the platform level
to prevent smoke spread into vertical egress paths to surface.
6. The METRO Project recommended a growth rate of ‘fast’, for the design of station ventilation
systems. A ‘fast’ growth rate is overly conservative for new rolling stock where the materials,
vehicle configuration and fire-hardening are likely to act together to significantly delay the onset
of local flashover at the fire seat, and hence delay full carriage involvement. For old metro rolling
stock with some fire-hardening, the METRO Project tests demonstrated a growth rate in excess of
“ultra-fast” when an accelerant is used to aid ignition. For arson-based design scenarios in older
rolling stock, where rapid growth is expected, an “ultra-fast” growth rate appears to be more
realistic than “fast”.
7. For structural fire protection, it is possible that the RABT-ZTV train curve is applicable to intercity rolling stock with a relatively high energy content. However, despite the recommendations of
the METRO Project, in the authors’ interpretation, the METRO test data reinforce the view that
the RABT-ZTV train curve duration is infeasibly long for modern metro rolling stock.
8. Two key points for future research attention are open gangways along the rolling stock and their
impact on fire development and PHRR, and the need for full-scale testing of new rolling stock
designed to current standards.
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ABSTRACT
Ventilation within tunnels could be viewed as a mature subject as it has been studied world-wide for a
number of years. And yet, new challenges are posed by projects. In this paper, a recent sub-surface
rail project posed a particular issue. It involved a combination of three single-bore tunnels with
mechanical ventilation systems, a sub-surface station which is to be naturally ventilated and a subsurface enclosure containing switches & crossings which is connecting the tunnels and the station.
The scenario to be addressed was the event of a fire on a train within the switches & crossings area.
There were a number of concerns that had to be addressed. These included the limiting of smoke
flowing into the station to protect this infrastructure, the limiting of smoke flowing into the tunnels, as
they could be used as part of the evacuation strategy and the protection of potentially other trains
located within them. By the very nature of the switches & crossings, the evacuation of passengers
within this area also posed an issue. This was due to the routes to safety which are not easily protected
in such a relative large enclosed space. The access routes for fire brigade and the environment that
they would be in for fire fighting were also considered.
What this paper is to outline, is the application of various techniques available within the fire
engineers toolbox such as CFD smoke modelling and evacuation analysis. These tools provide
important components required to perform an ASET and RSET assessment which can provide
powerful insight into the ability of passengers to escape. By constructing a 3D CFD model and
measuring key parameters with respect to time, conditions were monitored along the potential escape
routes. Combination of this data, with a travel time assessment of the evacuating passengers informed
a performance-based approach which allowed for an optimum and specific ventilation and evacuation
strategy. This study in turn provided guidance on the training and management requirements which
will need to be developed accordingly, to form part of the overall system’s operational emergency
procedures.
Working closely with the station and tunnel ventilation system design teams, a methodology was
developed which utilised natural and mechanical ventilation approaches. It also addressed the
concerns regarding the smoke flow, identification of potential tenable environments for the evacuating
passengers and access provisions for the fire brigade.
KEYWORD: Smoke modelling, CFD modelling, evacuation modelling, ventilation, tenability
INTRODUCTION
There has been a lot of research and development of smoke ventilation systems and strategies for
stations, tunnels and underground environments. However, it is when these are interconnected that all
the skills and experience from these previous studies need to be combined to develop an alternative
design solution.
A recent project concerned the provision of a new rail route which consisted of three bored tunnels, a
station which is to be located below ground and an area of switches and crossing (S&C) which allow
trains to interchange between the three tunnels and the station platforms. However, due to ground
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level infrastructure this S&C area was also to be located below ground, which resulted in a very
complex interconnecting set of underground environments.
From a fire safety point of view, the S&C area is of concern, as it has to be assessed just like any
other section of the rail infrastructure as to the provisions required in the event of a fire incident. In
the event of a fire on a train, the procedures are for the train to continue to the next station in order to
expedite the evacuation via the platforms. The stopping of a train within a tunnel is a last resort, but
one which is critical and has to be considered to ensure that all aspects including the passenger
evacuation, smoke ventilation and fire brigade access have been fully considered and appropriate
systems and measures provided.
Another important design requirement was the minimization of a fire within the S&C area on the
adjacent station.
A deterministic approach was adopted involving the development of a series of challenging scenarios
to assess the complete design. These were simulated using Fire Dynamics Simulator (FDS) for both
the smoke and the evacuation modelling [1, 2]. These studies showed the effectiveness of a smoke
exhaust system as well as the interaction with the station and tunnel ventilation systems. These
provided insight into the tenability of the S&C area in terms of maximum temperature and visibility
reduction, which in turn were incorporated within the separate FDS+Evac evacuation model.
Considerations for the varying speeds due to impact of smoke were also assessed.
The purpose of this paper is the presentation of the smoke ventilation and evacuation studies that have
been performed for one of these challenging scenarios.
SCENARIO
The S&C area is a relatively large enclosure, measuring approximately 300m in length, 72m in width
and 15m in height. It is to accommodate the switches and crossings to allow changing tracks. It is to
accommodate a ventilation plant at high-level along with associated ductwork; see Figure 1. The
ventilation plant location separates the area into three principle zones: left zone, underneath the plant
zone and right zone.
The station is to be located on the western side with the three running tunnel bores on the eastern side.
The sub-surface platforms of the station will be ramped to allow passengers access from track level to
the protected escape staircase located at the end of the platforms. Along the interface between the
station and the S&C area are station accommodation levels, which form part of the smoke reservoir
within the S&C area. This reservoir is bounded on the tunnel portal side by the height differential
between the tunnel bores and the roof level.
The trains are approximately 200m in length, and so there is the potential for the complete train to be
accommodated within the S&C area in an incident, requiring the passengers to detrain to track level
via high level walkways.
Several potential locations for a fire incident within this area have been considered within the wider
study. In this paper the focus is on only one of the scenarios, with a fire on a single carriage. The
incident carriage is assumed to be located within the left zone, nearest to the station.
The S&C ventilation plant located 10m above track level is inactive at the beginning of the
simulation. After 180 seconds the S&C ventilation plant is activated and ramped up over 30s to
280m3/s after which it remains constant. This is to account for the time required for ventilation
operator to activate the correct ventilation mode. The tunnel ventilation plant was assumed to be
inactive within this simulation. However, an induced flow is used to replicate the tunnel flow
conditions. The natural ventilation openings in the station are assumed to open at 180 seconds.
For the evacuation, it is assumed that passengers are directed to evacuate only via the last door of the
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end carriages. This is to maximize their time within the relative protection of the carriages, whilst
minimising their time and their travel distances within the S&C area. During the simulation,
monitoring points were located 2.5m above the track and 1m away from the train, to collate tenability
values along their evacuation routes.
The study evaluates the condition for fully developed design fire 1,000 seconds after the start of the
simulation.
SMOKE MODELLING
Smoke movement was simulated using FDS MPI v. 5.5.3[1], whereby the smoke is treated as an inert
mixture of air and homogeneous smoke. Fluid turbulence modelling is performed by the application
of the large eddy simulator (LES) model, which is based on the Navier-Stokes equation.
Model Geometry
The S&C area along with the section of the station box has been modeled to consider not only the area
of interest but also the influence of the natural ventilation openings in the station. Only the nearest
natural ventilation openings have been included in the model geometry; see Figure 1.
In Figure 1, the four squares denote the natural ventilation openings to atmosphere within the station
box. The tunnel portals are denoted at the right hand side along with the S&C mechanical ventilation
plant and the ventilation ducts.
It was assumed that windows on the train fail at 300 °C, allowing smoke to vent directly into the S&C
area.

Orifice Plate

Mechanical
Ventilation
Ductwork

Station Natural
Ventilation

Down Line
Mid Line
Up Line

Ventilation Plant

Figure 1,

Switches and Crossings CFD Model

Computational Mesh
Due to the size of the simulation volume, a cell size of 0.5m was adopted for the scenarios. This was
the smallest cell size that could be used due to computational limitations. The characteristic fire
diameter (D*) [1] was calculated using Eq. (1) as 2.08. This gives a D*/dx ratio of 4.1 which is within
the bounds of 4 to 16 in accordance with NUREG 1824[3].
2/5
Q̇
�
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Smoke Reservoir
The S&C area is a high space bounded by the station box and the tunnel portal construction. By using
the maximum height available between the track and the ground level slab, a smoke reservoir is
created within the S&C area. As it is approximately 80% of the S&C area, it is to assist in containing
the smoke within the S&C area, and limit any potential smoke flow into the station.
S&C Ventilation
The S&C ventilation is prescribed by a velocity flow across the cross section of the vent openings,
which are provided along the over track exhaust system within the S&C area. The ventilation system
is a directional system which allows the extract to be focused either side of the ventilation plant area.
It is assumed that the S&C ventilation system activates after 3 minutes into the fire scenario ramping
up over a further 30 seconds to full extract capacity. It was assumed that the air supply temperature
was 30 °C.
Tunnel Ventilation
Tunnel ventilation is prescribed by a velocity flow across the cross section of each tunnel bore which
is induced by the S&C ventilation system. The boundary conditions at the tunnel portals were
obtained from the tunnel ventilation design team from the 1D smoke control analysis using Subway
Environment Simulation [4]. These values were calculated at 30 m3/s per tunnel bore. It was assumed
that the air supply temperature from the tunnel was 30°C.
Station Ventilation
In order to replicate the aerodynamic resistance of the station, an orifice plate of 60% of the vertical
cross sectional area was placed on the station side. This was used as it was not possible to simulate the
total station geometry. It was assumed that the air supply temperature from the station was 30 °C.
Design Fire
The fire was assumed to be fully developed at the start of the simulation taking into account travel
within the tunnels and fire growth. The peak heat release rate was assumed to be 7 MW for the design
case.
The internal fire was fully developed over a section of the floor area of the incident train carriage. The
total heat release rate was distributed over the portion of the floor area of the train measuring
approximately 8 m2. This resulted in a heat release rate per unit area of 875 kW/m2. The
dimensionless heat release rate (𝑄̇ *) [5] was calculated using Eq. (2) as 0.34, which is within the
reasonable bounds of 0.1 to 2.5 [6].
𝑄̇ ∗ =

Q̇

𝜌∞ 𝑐𝑝 𝑇∞ �𝑔 𝐷 𝐷2

(2)

The fuel was selected as polystyrene, which is widely considered to be a very dirty fuel. This fuel was
modeled with a soot yield of 0.164 g/g [7] with a heat of combustion of 27 MJ/kg [7].
EVACUATION MODELLING
The evacuation was simulated using FDS+EVAC v. 2.3.1 [2].The 200 m long train has a crush loaded
capacity of 550 people distributed over 11 carriages. It was assumed that it would require 180 seconds
to initiate the evacuation. Due to the nature of the evacuation it was also assumed that additional time
would be required for passengers to commence movement which was naturally distributed over the
population from 180 seconds to 240 seconds. It was assumed that the occupants would transfer from
the train or walkways to track level via high level walkways which were strategically located
throughout the S&C area to reduce the stepping distance account for the varying abilities of different
passengers.
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Two exit doors were assumed to be in use for the evacuation off the train, as members of trained staff
would be present to assist in the evacuation. Two pressurized evacuation shafts were located at each
end of the S&C area; see Figure 2 and Figure 3.
Train Exit 2

Train Exit 1

Exit 2
Incident Carriage

Exit 1
Figure 2, Scenario Layout

Exit 2
Train Exit 2

Figure 3,

Example of Evacuation

Effect of smoke on passengers
There is limited body of research related to the movement of people in smoke, which also indicates a
wide variation in results. Research by Jin [8] suggests that there is a reduction in speed at very low
smoke densities. More recent research by Frantzich and Nilsson [9] suggests that the speed reduces at
a much slower rate; see Figure 4.
The design walking speed was naturally distributed between bounds of 0.5 - 1.2m/s [10]. The
evacuation minimum walking speed was capped at 0.3m/s as shown in research by Jin [8].
This difference in walking speed reduction of evacuating occupants may be due to the difference in
irritant concentration of the gasses between the two data sets; it may be due to experimental
differences; it may be due to interpretation of the data. The range of scatter is noteworthy in the data
for the Frantzich and Nilsson research [9]. Figure 3 shows the data side by side and at the same graph
scales. The effect of smoke movement on the walking speed of agents in FDS+EVAC is controlled by
data from experiments by Frantzich and Nilsson. The walking speed within FDS+EVAC uses a
numerical relationship derived from these experiments as shown in Eq. (3) [9]. The walking speed is
influenced by the smoke extinction coefficient which is determined by Eq. (4).
0
𝑉𝑖0 (𝐾𝑠 ) = 𝑀𝐴𝑋 �𝑉𝑖,𝑚𝑖𝑛
,

𝑉𝑖0
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𝛼
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(4)
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Figure 4,

Comparison of walking speed in smoke research

Figure 5,

Walking speed recalibration

After an initial assessment of the total evacuation time it was considered that due to the irritant nature
of the smoke within the enclosed environment the reduction in walking speed may not be
representative in the default data adopted in FDS. It was considered that the walking speed may fall
off at a greater rate, justified by the significant difference the Frantzich and Nilsson and the Jin data,
and also Jin’s observation of the significant effect of irritants.
A decision was made to attempt to increase the rate at which agents slow down to account for the
large amount of uncertainty in the Frantzich and Nilsson data and the potential impacts of the irritants.
An assumption was made that all smoke was of an irritant nature, and thus would have a significant
effect on the movement of occupants.
After examination of how the occupant movement speed was reduced it was found that the only
practical way to further slow the occupants down due to smoke exposure was by recalibrating the
mass extinction coefficient (Km).This was based on the difference in slope between irritant and non
irritant smoke from the Jin data; see Figure 5. This recalibrated value would slow the occupants down
to take into consideration potentially more irritant smoke.
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The Jin data suggests that the walking speed decays at a rate about five times greater in irritating
smoke than non-irritating smoke. It was therefore decided to slow down the FDS evacuation in smoke
by a similar factor.
This method was validated using a simple evacuation model and tracking walking speed on a
horizontal surface for a given mass fraction of smoke. This process was repeated for different smoke
extinction coefficients (m-1) thus giving different walking speeds. The result of the reduction is shown
in Table 1.
Table 1, Walking speed recalibration calculation

It was found that by adopting a specific extinction coefficient of 41,958 kg/m2, rather than the 8,700
kg/m2default in FDS, the walking speed could be reduced significantly (by a factor of approximately
five). A consequence of this is that the visibility data presented in the FDS outputs is no longer the
‘real’ visibility. It has been termed ‘effective visibility’ and is about five times lower than would be
expected for only the visibility effect. For example, if the FDS outputs show 2m effective visibility,
the ‘real’ visibility would be expected to be 10m. To overcome this, the actual visibility was
recalculated manually my placing devices measuring the key inputs required.
Performance Criteria
The performances of the smoke ventilation systems were assessed on the tenability of the S&C area
and station, which will form part of the evacuation routes.
The tenability of the evacuation routes were based on the overall conditions which were monitored
2.5m above the track. Irritants and toxins produced by the fire are likely to have significant effect on
the conditions in the S&C area. However, as currently detailed data is not available in relation to the
trains to be used, any assumed distribution of irritants and toxins would be subject to a significant
margin of error. On this basis, consideration of this issue is left as further work.
Additionally, tenable conditions should be maintained for as long as feasible, to assist attendance by
the fire brigade.
Thermal Tenability
Thermal tenability is described as the limit exposure concentration for asphyxiant gasses for 1,000
seconds. This is based on a minimum clear layer of 2.5m above the tack level.
PD 7974 Part 6 [11] also states that convective heat for a smoke layer above 60°C will make an
escape route impassable. Temperature data is shown with bounds of 30°C (ambient) and 60°C
(convective tenability limit).
Smoke Layer Temperature
In addition to thermal tenability, is the radiant heat exposure of people from a hot smoke layer above
clear layer height. PD 7974 Part 6 [11] states that the threshold value for radiant heat gain from a
smoke layer is 200°C.
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Visual Tenability
The criterion for tenability is taken from PD 7974 Part 6 [11], where visibility in smoke less than 10m
will result in evacuees regarding the route as unsafe. Visibility and obscuration is calculated in FDS
using Bougers Law as per Section 2 of the SFPE Handbook [10]. Visibility data is shown with bounds
of 0m (no visibility) and 30m (clear air). The visibility contours will be presented at a height 2.5m
above track level. This is to assist to gain an insight into the movement of smoke.
RESULTS
As can be seen in Figure 6, passengers would require 710 seconds to evacuate the train and S&C area.
The reduction in walking speed due to the recalibration of the mass extinction coefficient resulted in
increasing the total evacuation time.

Figure 6,

Passenger evacuation timing

Figure 7,

Effective visibility contour map at 2.5m above track
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During that period, the smoke would be starting to fill the S&C area. The contour plot of the effective
visibility; see Figure 7, indicates that the smoke would be as low as the 2.5 m monitoring location
after about 400 seconds. However, this is the effective visibility which is significantly worse than the
‘real’ visibility, which is shown in Figure 8. This clearly indicates that there are only a few minor
periods in which the smoke would have an impact on the visibility. However, even that is not
significant to affect the evacuation of the passengers.
Similar results and conclusions can be drawn from Figure 9 which is monitoring the temperature
along the evacuation route. This shows that the temperatures are not significantly higher than the
tenability limit.

Figure 8,

Real visibility contour map at 2.5m above track

Figure 9,

Temperature contour map at 2.5m above track
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The overall results indicate that, thermal and visual tenability was satisfied for all escape routes.
Similarly, the simulation indicated that the smoke layer temperature would be insufficient to cause a
radiant heat hazard to passengers, staff or emergency services personnel anywhere on the S&C area.
Radiation tenability was only critical very near to incident carriage which would be expected.
CONCLUSION
The connectivity of tunnels, a station and the S&C area is a non-trivial design configuration from a
fire engineering point of view. This paper presented only a brief snapshot of some of the analysis that
had been performed. These are to ensure that the design has taken into account the smoke production
and extraction rates, staff operational times of systems and evacuation assistance, the required
evacuation time for passengers to reach a place of relative safety and limiting smoke ingress into the
station.
The analysis also provided further insight into the training and management requirements to achieve
the safe evacuation. It was also noted the criticality of the early activation of the S&C ventilation
system.
As indicated, further work is required as the project progresses such as the provision of information
regarding rolling stock materials involved in a fire.
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ABSTRACT
Catastrophic fires in tunnels have resulted in loss of life, large property losses and relatively long
Business Interruption periods. In the wake of such fires, authorities tend to focus their efforts almost
exclusively on addressing fire safety issues. Property conservation and business continuity aspects are
generally not considered.
Research and data on fires in road tunnels is limited, and very limited in the case of rail tunnels. Fire
growth rate testing is not sufficiently focused on real fires, including large vehicle fires. Tests are very
infrequent and are performed on old vehicles made of less combustible material than modern vehicles.
Test information on fire development and the performance of fixed fire protection is often misquoted
or misused.
Tunnel risks are defined in this study as “systems” consisting of more or less fire resistive buildings
“temporarily housing combustible goods in transit”. Thus, they correspond to a class of commodity
rather than a class of occupancy [3].
Automatic fixed water-based firefighting systems should therefore be installed in tunnels as part of an
integrated approach to the management of fire and life safety, unless it can be proved that existing
early fire detection systems, combined with efficient emergency response, are enough to ensure life
safety and to adequately mitigate property loss in a given tunnel. This should be considered on a caseby-case basis.
This document sets out key design criteria (density and surface area of application) for the
recommended water-based fixed fire protection systems, in accordance with existing recognized
international standards (NFPA).
KEYWORDS: property conservation and business continuity, water-based fixed firefighting systems,
automatic sprinklers, spray, emergency ventilation systems, smoke control systems.
INTRODUCTION
This paper considers the main catastrophic fire events worldwide since 1987. The study begins by
providing a full description of tunnel risk, fire hazard, aggravating factors and fire protection
considerations. It then investigates loss prevention solutions including fire protection engineering,
according to globally recognized standards (National Fire Protection Association – NFPA).
Current available standards for fixed fire protection systems in tunnels provide the framework for a
risk-based approach, but not the design criteria for fire protection. Given the adverse conditions in a
tunnel during a fire, manually activated fixed fire protection systems and partial automatic fire
protection systems are not considered to be fully reliable solutions. The reliability of water mist
protection is deemed to be questionable because there is no recognized general design method for
such systems. As a result, only automatically activated full sprinkler or spray protection systems were
considered for our study.
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FIRE LOSS HISTORY
Table 1 List of the main European events since 1987 together with their historical economic loss
amounts (where data is available) [24] [25] [26] [27] [28].

Country

2008

Channel Rail Tunnel
2x50km single track
tunnels (7.6-metre 25ft diameter rail
tunnels) and 1x50 km
service tunnel
Built between 1988
and 1994

Event /
Circumstances /
(Duration &
Temperature)

France / UK

Truck fire on
Eurotunnel rail Shuttle
roll-on/roll-off vehicle
transport
(24 hours duration,
1,200°C)

None reported

€ 250-286 M PD
BI combined
€ 40 M Rolling
Stock
€ 53 M Tunnel
damage
€ 193 M BI

2007

Los Angeles Road
Tunnel Interstate 5
167m long built in
1975

USA

Truck blowing a tire
before crashing and
exploding into flames.
The fire was fuelled by
about 8,500 gallons of
gas

None reported

Structural damage
reported.

Australia

Pile-up in the tunnel
involving three trucks
and four cars. The
crash resulted in an
explosion and a
subsequent fire which
reached temperatures
in excess of 1,000 °C
(1,832 °F)

3 deaths.
Approximately
400 people
were advised
by the tunnel's
safety system
to abandon
their cars, to
leave their keys
in the ignition,
and to evacuate
the tunnel after
the collision.

Little structural
damage reported.
The deluge
system was
activated instantly
The smoke
extraction system
functioned as
planned and
removed toxic
fumes from the
tunnel and out
into the open air.

South Korea

Arson fire in a wagon
(introduction of
gasoline)

About 130
deaths / 140
injured

No data available

Switzerland

Fire following the
collision of two trucks

11 deaths / 19
injured

13 cars and 10
trucks destroyed

Austria

Fire probably due to
blow heating system
malfunction

155 deaths

No data available

France / Italy

Truck fire in a tunnel
(53 hours duration,
1,200°C)

39 deaths /
multiple
injuries

€ 400 M PD BI
combined (*)

Austria

Motor crash in a tunnel
(14 hours duration,
1,200°C)

12 deaths/ 49
injured,

€ 30 M PD BI
combined
24 cars and 16
trucks destroyed

Event
Year

Location /
Tunnel length /
Construction year

2007

2003

2001

2000

1999

1999

236

Melbourne Burnley
Road Tunnel
3,400m
Built between 1996
and 2000

Daegu Subway
Tunnel 25km long
Inaugurated
1997/1998
Gothard Motorway
Tunnel Opened in
1980
Kitzsteinhorn
Funicular Tunnel
10km
Opened in 1974
Mont Blanc Road
Tunnel
11.6km (8.6m wide,
4.35m high)
Built between 1957
and 1965
Tauern Road Tunnel
6.km
First bore completed
in 1975 A second,
parallel tube began
construction in 2006

Fatalities

Economic Loss
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Event
Year

1998

1996

1996

1995
1987

Location /
Tunnel length /
Construction year
and was officially
opened in 2011
Gleinalm Road
Tunnel
8.3km
Completed in 1978
Chunnel Rail Tunnel
2x50km single-track
tunnels (7.6-metre -25
ft diameter rail
tunnels) and 1x50km
service tunnel
Built between 1988
and 1994
Palermo Road Tunnel
148m
Construction started
in 1972
Baku Subway Tunnel
Construction started
in 1966
Kings Cross London
Subway
Origin 1963

Country

Event /
Circumstances /
(Duration &
Temperature)

Fatalities

Economic Loss

Austria

Bus on fire

None reported

Bus destroyed

France / UK

Truck fire on
Eurotunnel rail Shuttle
roll-on/roll-off vehicle
transport
(10 hours duration,
1,100°C)

None reported

€ 250 M PD BI
combined (*)

Italy

Tank truck (2500 liters
of liquid petroleum gas
- LPG) collision with a
minibus, followed by
fire and explosion
(presumably
BLEVE)** g

5 deaths / 26
injured

1 car, 1 truck and
1 minibus
destroyed

Azerbaijan

Short circuit in a
wagon followed by fire

289 deaths /
270 injured

No data available

UK

Accidental ignition
(matches)

31 deaths

No data available

(*) PD: Property Damage, BI: Business Interruption
(**) BLEVE: Boiling Liquid Expanding Vapor Explosion
Lessons Learned
In relatively old tunnels, the main purpose of ventilation was to evacuate toxic fumes released from
vehicles only; it was not designed for smoke control. In more recent tunnels, in all cases the use of
existing emergency ventilation systems intended to remove smoke and heated gases has resulted in
aggravated damage to the tunnels’ concrete structure and to whatever was inside them (rolling stock,
trucks, cars) (i.e. Mont Blanc Road Tunnel in 1999 and in the Channel Rail Tunnel in 1996 and 2008
[25]).
Severe aggravating factors in these events included difficult access, poor visibility and delays due to
response time and to the need to de-energize the electric power system for railway tunnels prior to
firefighting.
The use of non-combustible structural members in the tunnel and non-combustible and non-toxic road
pavements will ensure maximum safety for people. However, concrete itself may be damaged by fire.
Considering the above, from a risk control standpoint, even with no collapse of the concrete structure,
the fire-damaged structural frame of a tunnel may have to be removed and replaced. This leads to
expensive operations and relatively long Business Interruption.
Proper cooling of the structure, as shown during the 2007 Melbourne Burnley Road Tunnel fire, will
mitigate damage caused by an internal fire. This 3,400m-long tunnel, built between 1996 and 2000,
was equipped with a deluge system which was activated instantly, and a smoke extraction system
which reportedly functioned as planned and removed toxic fumes from the tunnel into the open air.
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Little structural damage was reported.
UNDERSTANDING THE RISK – FIRE HAZARD
Ignition sources
There are basically two main types of ignition sources in a tunnel, as follows:
Sources inherent to the tunnel equipment and appurtenances, such as railway electric power systems,
energized equipment for guided transit systems (railway), traffic control and lighting systems
(roadway), ventilation systems and any other electric power sources forming part of the tunnel
equipment.
Sources related to transit vehicles (road tunnel) and / or rolling stock (rail tunnels - including standard
freight and passenger trains and trains carrying Heavy Goods Vehicles). These include embedded
automotive electric power sources (e.g. batteries and lithium batteries if any), electric drivers and
lithium batteries if any, and combustion engines, which are typically tested and approved for their
intended use. There are also additional ignition sources such as smoking and any other electric
powered, gas- / solid fuel-fired equipment that can be found in vehicles (and especially in trucks). A
lot of equipment that has been neither especially approved nor tested can be found in gas stations for
both trucks and cars. Thus including cooking equipment such as 12V/24V microwaves, hot plates,
grills, kettles, power transformers and converters.
Combustible load
The combustible load of a tunnel’s structure, equipment and appurtenances is generally relatively low
except for road pavements, which are made of combustible material (such as bituminous material) and
will fuel an internal fire. Moreover, this combustible material is also responsible for releasing lethal
toxic fumes. The combustible load and the continuity of combustibles inside the tunnel consist mainly
of vehicles and trains, and of payload in cases where any is transiting through the tunnel.
Challenging fire development
Fire in road and rail tunnels spreads very rapidly due to radiation. For example, a heavy goods vehicle
fire needs only 10 minutes to exceed 100 MW and 1200°C (2192°F), which are fatal conditions.
Charged particles are reflected from the internal surfaces of the tunnel, making it act like a clay oven.
Hot gases accumulating in the tunnel can lead to a flashover. Improper use of ventilation in an
emergency can lead to “ventilated oven conditions”, increasing the convection effect and allowing the
fire to gain intensity and to spread inside the tunnel. A fire in a tunnel should therefore be controlled
in its early stages, in order to limit its spread.
Limited access, special hazards, heat, radiation, smoke and adverse conditions
Not all tunnels are provided with service tunnels connected to the main tunnel, and sometimes the
driving distance using special vehicles can be relatively long (e.g. up to 25km for the Channel Tunnel
using a special fire truck designed for low level ceilings). The electrification system supplying
electrical energy (1,500V DC/25kV AC up to 2,000 Amps) to railway trains inside a tunnel needs to
be de-energized by people with the proper jurisdiction, authority and knowledge before manual
firefighting can be organized [18]. This delays the intervention of firefighters. Such intervention may
also be delayed by the difficulty involved in identifying the fire area due to heavy toxic fumes, by
extremely high temperatures, by obstructions caused by vehicle collision or the derailment of rolling
stock, or by unknown hazardous materials that can result in pool fire or explosion. The improper use
of ventilation in an emergency can oxidize an internal fire, causing it to intensify and spread.
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FIRE DETECTION
Purpose and limitation
The main purpose of automatically activating a detection system in a tunnel is to trigger an alarm
upon fire detection, which is relayed to a constantly attended location in order to organize prompt
emergency response, including evacuation and firefighting. Automatic fire detection systems can also
be used to trigger automatic fixed fire protection systems. Different systems may be considered,
ranging from standard smoke and fire detectors (ionic, optical), flame detectors (UV/IR), laser beam
detectors (smoke) and linear detectors (conductors in insulator), to highly sophisticated early detection
systems based on air sampling and CCTV imaging treatment software [16] [23]. Based on very
challenging fire development aspects and on the adverse conditions mentioned above, a fire detection
system should not be considered as a substitute for automatic fixed fire protection systems in tunnels,
which can control a fire in its early stages.
EMERGENCY RESPONSE
Rescue and evacuation
The organization responsible for the safe and efficient operation of the tunnel facility should
anticipate and plan for emergencies that could involve the “system”. During the design and
construction phases, designers and contractors should solicit input on the emergency operations of the
facility from the operators and emergency response agencies. The designers and contractors should
also be invited to participate in the preparation of the emergency response plan, along with the other
participating agencies. All typical incidents such as collisions and fires should be considered during
the development of facility emergency response plans. [1] [20]
Ventilation, emergency ventilation & smoke control [1]
Ventilation is necessary in most road tunnels to limit the concentration of contaminants to acceptable
levels within the tunnel. Emergency ventilation systems and tunnel operating procedures should be
developed in order to maximize the use of road tunnel ventilation systems for the removal and control
of smoke and heated gases resulting from fire emergencies within the tunnel. In all cases, the desired
goal should be to provide an evacuation path for motorists exiting from the tunnel and to facilitate
firefighting operations. Emergency ventilation systems should be designed to maximize the exhaust
rate in the ventilation zone that contains the fire and to minimize the amount of outside air that is
introduced by a transverse system. For the duration of the emergency operation, smoke management
is best accomplished by the extraction of air and smoke as close to the incident location as possible.
The single point extraction (SPE) system prevents smoke from spreading to the rest of the tunnel.
PASSIVE FIRE PROTECTION
Lack of internal partitions
Tunnels are basically long structures with very few internal fire partitions other than fire shelters (fire
doors [17]) and heavy fire doors between the tunnel and the service tunnels (weighing up to 2 tons in
the Channel Tunnel), and inside crossover tunnels (e.g. Channel Tunnel crossover tunnels are
equipped with a 90-ton fire door). Therefore, a tunnel is an open plan area with a very limited level of
feasible passive fire protection compared to other property risks.
Fire resistivity of the structure
Reinforced concrete installed in tunnels must be fire resistive [2] [22]. However, concrete can actually
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be damaged by fire (thermal damage: expansion, shrinkage above 300°C due to water loss,
decomposition from 450-550°C). Sudden exposure to very high temperatures can result in explosive
spalling of the concrete: in a very hot, very quick fire the water inside the concrete will boil before it
evaporates. The steam inside the concrete exerts expansive pressure and can initiate and forcibly expel
a spall. This can lead to a situation where damaged concrete needs to be demolished and replaced over
a relatively large surface area, resulting in a relatively long Business Interruption period.
AUTOMATIC FIRE PROTECTION
Benefits of water-based fixed fire protection systems - an integrated approach to the
management of fire and life safety [1]
Fixed water-based firefighting systems have been installed in road tunnels in Japan for more than four
decades (since 1963). Six road tunnels in North America are now equipped with water-based fixed
firefighting systems. In Europe 11 tunnels currently have fixed water-based firefighting systems
installed:
The inclusion of water-based firefighting systems can act as a valuable component of the overall fire
and life safety system in a tunnel. Some of the benefits and capabilities of water-based firefighting
systems include the following: (1) minimization of fire spread, (2) fire suppression and cooling, (3)
improved conditions for first responders, (4) improved performance of ventilation systems.
Water-based fixed fire protection standards for tunnels
The purpose of the NFPA 502 [1] is to establish minimum criteria providing protection from fire and
its related hazards. However, there are relatively few design criteria given in the NFPA 502 standard
for fixed water-based fire protection. Consequently this paper has considered other NFPA standards
relating to automatic fixed water-based fire protection, in order to define the key design criteria to be
considered for tunnels as described in the following sections.
Design criteria – tunnel risks as commodity rather than occupancy
There is no real process for tunnels compared to other property risks. Moreover, there are no obvious
classes of occupancy which could correspond to tunnel risks. Vehicles and trains in transit in the
tunnel are relatively similar to combustible goods (vehicle and train materials such as plastic, metal
and payloads for trucks) and to hazardous materials (gas, fuel for tankers) in transit. Car / truck and
train drivers are considered as special hazards representing ignition sources. As shown by the loss
history, in-transit vehicles / trains on fire in the tunnel will stop somewhere inside the tunnel before
the fire can spread to other surrounding vehicles / wagons. Consequently, this paper’s analysis of the
design of fixed fire protection is based on the assumption that tunnel risks are similar to fire resistive
buildings housing combustible goods and / or hazardous materials (i.e. tunnel content). The resulting
main commodity storage classes, as per NFPA [3] [14] [15] are shown in table 2 below and consider
conservative scenarios in terms of combustible load and hazardous material.
Design criteria – sprinkler design density
The goal of a water-based firefighting system should be to slow, stop, or reverse the rate of fire
growth or otherwise mitigate the impact of fire in order to improve safety for tunnel occupants during
a fire, to enhance the ability of first responders to assist with evacuation and to manually fight the fire,
and/or to protect the major structural elements of a tunnel. As a result, existing fire protection
solutions need to be investigated according to: (1) the type of road vehicle / fixed guided railway
transit systems permitted to enter the tunnel (whether or not these are carrying dangerous goods) and
(2) the desired performance objectives: fire suppression system, fire control system, volume cooling
system (cooling of the products of combustion), surface cooling system (direct cooling of critical
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structure).
The design criteria for fixed fire protection systems, hose demand and fire water supply duration
should be based on the actual tunnel risk content, in order to give the most demanding sprinkler
density as shown in table 2 below. The criteria should thus consider commodity classes [3] [14] [15],
maximum height up to 7.6-metre based on Channel Rail Tunnel single tube diameter (should be
revised according to NFPA standard when higher ceiling conditions) and maximum “storage” height
(i.e. car, truck, train) up to 6.1m.
Table 2 Design criteria for fixed and manual fire protection systems
Tunnel Risk
Content

Cars

Trailer trucks

Tanker truck
LPG
bullet
tank truck
Freight trains
[18]
Passenger
trains [18]
Train carrying
Heavy Goods
Vehicles [18]

Assuming
Commodity
storage Classes
[3]
Exposed NonExpanded Stable
Plastic
Exposed Expanded
Stable Plastic
Flammable Liquid
(pool fire and
vessels)
Liquid Pressurized
Gas (vessels
exposure
protection)
Exposed Expanded
Stable Plastic

Class IV

Exposed Expanded
Stable Plastic

Fire
Water
Supply
Duration
(min)
[7]

Sprinkler
density
LPM/sqm2
(GPM/sqft)

Hose
demand
LPM
(GPM)

28.5
(0.7)
[5]

1,900
(500)
[7]

150
[7]

32.6
(0.8)
[6]

1,900
(500)
[7]

150
[7]

Automatic Spray
Sprinkler

12.2
(0.30)
[9][10][11]

946
(250)
[12]

60
[12]

Automatic Spray
Sprinkler

10.2
(0.25)
[9][11]

946
(250)
[12]

60
[12]

32.6
(0.8)
[6]

1,900
(500)
[7]

150
[7]

12.2
(0.30)
[4]

1,900
(500)
[7]

150
[7]

32.6
(0.8)
[6]

1,900
(500)
[7]

150
[7]

Sprinkler type
[3][9]
Automatic Control
mode High
Temperature (141°C)
Wet Type sprinkler
Automatic Control
mode High
Temperature (141°C)
Wet Type sprinkler

Automatic Control
mode High
Temperature (141°C)
Wet Type sprinkler
Automatic Control
mode High
Temperature (141°C)
Wet Type sprinkler
Automatic Control
mode High
Temperature (141°C)
Wet Type sprinkler

Notes:
LPM: S.I. Units - Liters Per Minute, GPM: U.S. Customary Units - Gallons Per Minute
LPM/sqm: S.I. Units - Liters Per Minute per square meter, GPM/Sqft: U.S. Customary Units Gallons Per Minute per square foot, min: minutes.
Control mode sprinkler: limiting the size of a fire by distribution of water so as to decrease the heat
release rate and pre-wet adjacent combustibles, while controlling ceiling gas temperatures to avoid
structural damage.
Spray sprinkler: open head sprinkler. The water is discharged by a pilot line detector consisting of a
standard spray sprinkler or thermostatic fixed-temperature release device, which is used as a detector
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to pneumatically or hydraulically release the main valve controlling the flow of water into a fire
protection system.
Automatic sprinkler: fire suppression or control device that operates automatically when its heatactivated element is heated to its thermal rating or above, discharging water over a specified area.
High temperature sprinkler (141°C): closed sprinkler heads capable of withstanding high temperatures
for long periods of time. This reduces the number of sprinklers triggered in the surrounding area, so
that the area of sprinkler operation remains reduced compared to lower temperature-rated sprinklers
(up to 25%).
Design criteria - surface area of application
The surface area of application is equal to the zone length multiplied by the zone width of the tunnel.
Zone length depending on the type of vehicle permitted to enter the tunnel [1]. This study
recommends a zone length of 100m for both road and train tunnels. This would be the equivalent of
the three longest wagons of the Channel Tunnel trains designed for Heavy Goods Vehicles, each
carrying one complete truck and trailer. The same zone length of 100m is recommended for road
tunnels considering vehicles collision and pile up resulting in a continuity of combustible identical in
length to that of trains carrying HGVs (conservative view).
The maximum width has to be measured at the largest section of the tunnel. The largest tunnel in the
world to date is in China under the river Yangzi in Shanghai, with an internal diameter of 13.7 m.
Design criteria – Fire Water Supply
Both fixed fire protection systems and manual firefighting equipment (hoses) inside the tunnel should
be fed from two identical adequate and reliable Fire Water Supplies installed at both ends of the
tunnel. Each of the two Fire Water Supplies should consist of a set of (electrically-driven) FMapproved / UL-listed main fire pump(s) able to supply the full water demand as indicated in Table 2
above. The main pump(s) should take suction under head from a reservoir above, providing the
required duration indicated in Table 2 above. Moreover, a set of (diesel engine-driven) FM-approved /
UL-listed back up pump(s) with the same capacity as the main fire pump(s) should be provided for
each of the two Fire Water Supplies. The backup pump(s) taking suction under head from the above
reservoir feed the main pump(s). The capacity of the fire pumps should be defined considering the full
combined fire water demand, including the fixed fire protection systems and the manual firefighting
equipment located in the most remote area from the Fire Water Supplies inside the tunnel. This takes
into account pressure loss due to elevation and friction inside piping. [13]
The installation of booster pumps inside the tunnel should be considered in case of loss of pressure.
The fire water main running from both sides inside the tunnels and the fixed fire water protection
systems and manual firefighting networks should be looped and gridded when possible for greater
reliability. The fire network should comply with NFPA-14 [8] or any other recognized international
standard. The fire network should be pressurized by jockey pump(s) provided for each Fire Water
Supply at both ends of the tunnel.
Where areas are subject to freezing conditions, this should be taken into account. Water heating,
recirculation and heat tracing and insulation should be considered where necessary.
Performance evaluation [1]
Fire test protocols should be designed to replicate and evaluate the entire range of application
parameters associated with transportation tunnels. As there are currently no known, validated methods
of predicting the performance of water-based firefighting systems, the ability of such systems to meet
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defined performance objectives under the specific tunnel parameters should be assessed on the basis
of full-scale fire testing.
Caution: the impact of fire protection solutions on other measures forming part of the overall safety
concept should be evaluated. The requirements designed to ensure human safety during the
evacuation and rescue phases are substantially different from the requirements designed to protect the
structural components of the facility. In the design and operation of the tunnel, the interdependence of
measures primarily intended to protect the structural elements of tunnels from the effects of fires, and
measures primarily intended to protect lives, should be taken into account.
Water based fixed fire-fighting systems installed in tunnels around the world –design
parameters & testing results [1]
Japan: fixed water-based fire-fighting systems have been installed in road tunnels for more than four
decades in Japan. The decision for a specific tunnel project has to be based on the Japanese safety
standards. In Japan, fixed fire suppression systems are required in all tunnels longer than 10,000 m
(32,808 ft) and in shorter tunnels longer than 3000 m (9843 ft) with heavy traffic. Japanese authorities
have conducted a series of fire tests to study the use of water spray for tunnel protection, and some of
these studies have been reported. For example, a series of tests were conducted in an operating road
tunnel with a large cross-section area (115m2 [1238 ft2]) using a 5 MW gasoline pool fire where the
performance of three different types of spray systems was investigated. The water density used in the
tests was 6 mm/min (0.15 gpm/ft2), which was much lower than that used in the European tunnels
(i.e., half of that used in the Benelux tunnel tests).
North America: six road tunnels in North America are now equipped with water based fixed firefighting systems as follows in table 3:
Table 3 road tunnels in North America equipped with water based fixed fire-fighting systems
Tunnel

Location

Rout
e

Opened
to traffic

m

ft

Bores
/
Lane
s

Length

Battery Street

Seattle, Wash.

SR99

1952

671

2200

2/4

I-90 First Hill
Mercer Island

Seattle, Wash.

I-90

1989

914

3000

3/8

Mt Baker Ridge

Seattle, Wash.

I-90

1989

106
7

3500

3/8

CANA Northbound

Boston, Mass.

U.S 1

1990

470

1540

1/3

CANA Southbound

Boston, Mass.

U.S 1

1990

275

900

1/3

I-5 Tunnel

Seattle, Wash

I-5

1988

167

547

1/12

George Massey
Tunnel

Vancouver,
Brit. Colum.

99

1959

630

2067

2/4

Fixed Fire
Suppression
System type
Spray
Sprinkler
10 mm/min
(0.25 gpm/ft2)
Spray Foam
Sprinkler
6.5 mm/min
(0.16 gpm/ft2)
Spray Foam
Sprinkler
Spray Foam
Sprinkler
Spray Foam
Sprinkler
Spray Foam
Sprinkler
Sprinkler

System
Zones

14

37
50
15
9
9
N/A

Europe: In some road tunnels in Europe, fixed fire suppression systems have been used for special
purposes. Catastrophic road tunnel fires have encouraged a reevaluation of these systems for use in
future road tunnels in Europe. Below is a list (table 4) of tunnels in Europe that currently have fixed
water-based fire-fighting systems installed:
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Table 4 road tunnels in Europe equipped with water based fixed fire-fighting systems
The
Austria
France
Italy
Norway
Spain
Netherlands
Válreng Tunnel
M30 Tunnels
Mona Lisa Tunnel
Brennero
Roermond
A86 Tunnel
Fløyfjell Tunnel Vielha Tunnel
Felbertauern Tunnel
Tunnel
Tunnel
Australia: 11 road tunnels in Australia that have fixed water-based fire-fighting systems installed as
follows: (1) Sydney Harbor Tunnel, (2) M5 East Tunnel, (3) Lanecove Tunnel, (4) Eastern
Distributor, (5) City Link Tunnel, (6) Graham Farmer Tunnel, (7) M4 Tunnel, (8) Adelaide Hills,
Tunnel, (9) Mitchham/Frankstone Tunnel, (10) North/South Busway Tunnel, (11) North/South Tunnel
CONCLUSIONS
The following loss prevention and mitigation measures are therefore recommended:
-

-

-

Use of non-combustible and non-toxic construction materials for the tunnel structure and
pavement, in order to ensure safety for people and to prevent severe physical damage.
Installation of full automatic fixed water-based firefighting systems in tunnels as part of an
integrated approach to the management of fire and life safety, unless it can be proved that existing
early fire detection systems, combined with efficient emergency response, are enough to ensure
life safety and to adequately mitigate property loss in a given tunnel. This should be considered
on a case-by-case basis. The fire protection should consist of automatic wet pipe sprinkler or
spray systems as per recognized international standards. This would enable safe evacuation and
facilitate control of a fire in its early stages (control mode or surface cooling mode design
objectives). Final extinguishment would be achieved through manual firefighting.
Installation of fixed gaseous clean agent type [21] extinguishing systems in the technical rooms of
tunnels, approved and adequate as per recognized international standards.
Provision of emergency ventilation system and smoke control system designed to maximize the
exhaust rate in the ventilation zone that contains the fire and to minimize the amount of outside
air that is introduced. In all cases, the desired goal is to provide an evacuation path for motorists /
people exiting from the tunnel and to facilitate firefighting operations.
Establishment of adequate emergency response planning including all coordination /
communications aspects, traffic control, emergency ventilation / de-smoke systems management
and firefighting operations between the different entities having jurisdiction inside and possibly at
both ends of the tunnel, especially for trans-border tunnels [20].
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ABSTRACT
In the project SecMan – Security Manual – asimple four-step procedure for the identification of
critical road infrastructures, assessment of these infrastructures regarding various man-made threats
and the determination of effective protection measures was developed. These methodologies are
summarized and combined into a comprehensive best-practice manual which allows for a transnational structured and holistic security-risk-management approach for owners and operators of road
infrastructures in Europe. This paper presents the developed methodology starting from the
assessment procedures of a network’s criticality over an object’s attractiveness and vulnerability to
the selection process of appropriate protection measures.
KEYWORD: vulnerability, security of infrastructures, qualitative assessment, criticality
BACKGROUND AND OBJECTIVES
The transport network in Europe is probably one of the most important systems for the European
economy and society. Trans-national transport routes play a vital role in the traffic of goods and the
supply of the population. In this respect, critical road infrastructures, like bridges or tunnels, can have
a bottle-neck function. Any disturbance of these structures could lead to negative consequences for
the population and the economy as a whole.
Apart from single solutions, currently no common processes, methodologies or standards exist in
Europe regarding consideration of security relevant events for critical road transport infrastructures,
e.g. tunnels and bridges. Attacks on the former can have severe short and long term effects with high
media attention. There is an apparent need for the harmonization of security measures for road
infrastructure. A trans-national risk management approach would increase the possibilities for
prevention as well as mitigation. A trans-national emergency response strategy would increase
preparedness, then facilitating and accelerating the reaction in the case of an event.
The project is implemented by the German Federal Highway Research Institute (BASt) together with
project partners from Austria (ILF) and Slovenia (DARS, ELEA).
The main objective of the project is to develop a practical process for the identification of critical road
infrastructures based on generally accepted security aspects, the assessment of these infrastructures in
a structured and traceable way regarding security relevant risks and the determination of effective
protection measures for prevention and mitigation.
The project makes use of the findings of previous national and international security research projects
like SKRIBT and SeRoN. Specific methodical elements of these projects are then summarized and
combined in a comprehensive best-practice manual which allows for a structured trans-national and
holistic security-risk-management approach.
SECMAN METHODOLOGY
In general, the procedure for the assessment of transport infrastructure is divided into four steps (see
Fig. 1): Criticality and Attractiveness Assessment (Step 1), Vulnerability Assessment (Step 2), CAVMatrix (Step 3) and Measures Assessment (Step 4).
In each step, a certain assessment processwith an independent outcome is defined. Therefore, all steps
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can either be executed subsequently beginning from Step 1 to Step 4, or applied individually without
combinationwith the others.
The outcomes of Step 1 and Step 2 are crucial input for the CAV-Matrix in Step 3, which is used to
combine previous results and support the decision-making process before assessing appropriate
measures. Additionally, Step 1 can be used as pre-selection method (filter) in order to reduce the
number of objects (i.e. tunnels and bridges) investigated in the more detailed Vulnerability
Assessment.

Figure 1 - SecMan Methodology
In principal, the Security Manual follows a Two-Level-Approach, meaning that it distinguishes
between two levels of complexity in security risk assessment. First, the methodology provided in the
manual is on Level 1, i.e. no specific risk assessment skills are necessary and it can be applied by
owners/operators themselves. Second, in each step the manual provides recommendations for possible
methods and tools for more detailed assessment (Level 2).
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Step 1 – Pre-selection of Infrastructure
The first step of the methodology is divided into two sub-sections: (A) Criticality Assessment and (B)
Attractiveness Assessment.
Step 1A is an approach to assess aroad transport network or a set of network sections (Network
Level) by using a simple qualitative assessment procedure. During the assessment, each section on the
network is evaluated on the basis of its “criticality”. This simple approach supports the user with
dividing the traffic network into sections of different criticality based on common traffic parameters
like:
•
•
•
•

Quality of alternative routes
Traffic volume
Heavy goods vehicle share
Permissions for special transport (e.g. dangerous goods or heavy load transportation)

Thus, a first indication is given where (in which region) the most critical sections are located and the
user is enabled to rank the sections in the network. The more critical a section is in the network, the
higher is the probability to be attacked and therefore further assessment is recommended.
Similarly, Step 1B is an approach to determine objectswithin the given network (Object Level)
which are more interesting for possible attacks. Each (possible attractive) object is evaluated on the
basis of its “Attractiveness” using a simple qualitative assessment procedure by using attractiveness
parameters like:
•
•
•

Symbolic value
High number of fatalities
Secondary effects due to collapse

The recent past shows that factors like these motivate attackers due to the resulting high media
attention, or the subsequent creation offear and mass panic.
The parameters in Step 1 are only given by the manual as default. The user still has the possibility to
decide on which parameters the criticality or attractiveness assessment is done. Additionally, there is
the opportunity to add individual parameters based on the user’s preferences. If important traffic
routes or very attractive objects are already known by the user, this step can be skipped after all.
The combination of the Step 1A and Step 1B allows for a pre-selection of the most important
structures within a certain network based on simple parameters. Therefore, these Steps can be used as
a filter for a more detailed analysis in subsequent steps.
Step 2 – Vulnerability Assessment
In the second step, the vulnerability of objects (Object Level) is assessed with regard to a predefined set of threats. On the one hand, this step can be used individually in order to assess a specific
object and possible appropriate protection and mitigation measures. On the other hand, it can be used
as one of the four steps in terms of the overall assessment of a network and assess attractive objects
and/or objects on critical network sections.
In the fieldof security, it is very difficult to deal with the probability of an intended event and the
commonly used risk equation does not apply. Therefore, in this methodology,riskis referred to an
object’s “Vulnerability” and its two components, the “Feasibility of Attack” and the “Damage
Potential” (see Fig. 2).
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Figure 1: Transition from Safety to Security
The term “Feasibility of Attack” is determined by aspects including the complexity of the attack and
the capability of the terrorists. For the assessment, the following five indicators are used:
1.
2.
3.
4.
5.

Object-specific knowledge
Knowledge of technology
Acquisition of material in sufficient quantity
Access/transport of material to vulnerable components
Trigger event

In order to deal with the consequences of an intentional threat, the outcome of a worst case scenario is
assumed. The focus of this project is on the availability of important traffic infrastructure in order to
maintain the functionality of important transport routes. In this respect the relevant criteria for the
assessment of the “Damage Potential” of an attack is the usability of a relevant transport
infrastructure. Therefore, the relevant quantitative parameter to measure the consequences of an
impact is the reconstruction time. This parameter measures both, the damage caused to the
construction by a specific scenario as well as the typical reconstruction time of a specific structure
(order of time required to repair or replace a damaged structure) in an integrated approach.
In this project the following threats for tunnels and bridges were identified (see Fig. 3). Additionally,
a set of scenarios which are considered relevant for each specific threat and object type were
developed. The reference scenarios generally assume that the attack is launched by right means to the
most sensitive part (with respect of a particular threat) of a structure and is successful.

Figure 2: Relevant threats for tunnels and bridges
For simplification, the tunnels and bridges were categorized into 19 different types of bridges and 20
different types of tunnels according to the parameters showed in Tab. 1. For each object type the
Vulnerability was quantitatively assessed by experts in the respective fields and given to the user as
default value.
TUNNEL
System
Span / height
Material
Superstructure cross-section
Table. 1: Categorization of objects

BRIDGE
Predominant geotechnical conditions
Construction method
Hydro-geological conditions
Single/dual-Shell
Single/multiple-Cell

In practice, there is a big variety of object types and threat scenarios. Therefore, the user has the
250

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

possibility to adjust the default values given by the Security Manual and improve the assessment by
adapting the Damage Potential and the 5 components of the Feasibility of Attack to the specifics of
the individual structure.
In the end, the output of this step is a numerical value for the representation of the object’s
vulnerability – called “Vulnerability Score”.In order to calculate the vulnerability of an individual
object to one specific threat type, the Damage Potential has to be multiplied with the total Feasibility
of Attack of this specific threat. The overall Vulnerability Score is the sum of all single products over
all threats.This value is a crucial input for the CAV-Matrix in Step 3, but also for the Measure
Assessment in Step 4.
Step 3 – CAV Matrix
Step 3 is a simple procedure on the Network Level, combining all outputs from the previous
assessment steps and arranging those in the “CAV-Matrix” 1 (see Fig. 4). In the left columns the
sections are listed including their Criticality on Network Level. On each section a number of objects
(tunnels and/or bridges) exist where each has a certain Attractiveness and Vulnerability on Object
Level.

Figure 3: Illustration of a CAV-Matrix
Basically, the matrix is a summary of all previous results and allows for a detailed overview of the
most critical, most attractive and most vulnerable objects within a given road network. Additionally,
the user can sort the objects in the matrix based on the given priority to each CAV-parameter. Which
of the three CAV-parameters is the most important depends on the demands of the user (e.g. company
policy, mission statement, etc.). In the end, Step 3 shall support the user (1) in answering the question
which section or object in the network is the most critical, and (2) in the decision-making process for
which objects on which sections measures shall be implemented first.
Step 4 – Measure Assessment
In the final step, the Measure Assessment, recommendations for structural, operational and
organisational protection and mitigation measures are developed.For that, the methodology enables
the user to select appropriate security measures
•
•
•
•

for a specific object,
new or retrofitting,
addressing individual threats
to reduce either the Damage Potential, Feasibility of Attack (on Object Level)or Criticality
(on Network Level)

1CAV = Criticality-Attractiveness-Vulnerability
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In total, a set of more than 40 measures is reduced to a list of suitable security measures for each
specific case. Additionally, for each measure, a detailed fact sheet is provided for the user including a
simple estimation of their cost-effectiveness.
EXPECTED RESULT
For tunnels on TERN (Trans-European Road Network) roads, a safety management which is
standardized and mandatory for all Member States has been implemented by the EC-directive
2004/54/EC. Comparable to this, a security management will be developed in this project which could
be implemented for existing structures with comparatively small effort. The manual will be a
practicable and user-friendly security-risk-management method for the protection of critical
infrastructure on European highways. The target groups for the manual are the administrative
authorities in the respective EU Member States as well as the owners and operators of road
infrastructures, the security officers of bridges or tunnels and interested researchers and policymakers. The manual allows owners and operators of critical infrastructures to identify, quantify and
assess the security risks and determine possible protection and mitigation measures. Hence, protection
of the infrastructure users and the preservation of the infrastructure itself are enhanced. In a mid- and
long term perspective the project contributes to a coordinated strategy of prevention, preparedness and
consequence management of terrorism and other security related risks for critical road infrastructures
in Europe.
EXAMPLE
In the following a practical example of the methodology presented above is given.In the beginning the
user has to decide which network shall be assessed and define its boundaries. On the network there is
a set of tunnels and bridges (see Fig. 5). In this example, the network has 7 sections á 3 objects.
Additionally, there are two main cities and factories in the north and south which are connected via a
main road. In between the link is split into two equivalent roads.
In the next step, the critical road sections as well as the attractive structures are identified, using the
parameters from Step 1 (see Fig. 6). The colours represent the different levels of Criticality
andAttractiveness (red=very critical/attractive, yellow=critical/attractive, green=less
critical/attractive). In this example, the north-south link is at least critical due the high traffic volume
between city A and city B. Additionally, there is a high heavy goods vehicle share between both
factories which increases the criticality. Due to the availability of alternative routes (section 4 and 5),
the criticality is reduced.

Fig. 4: Fictional network

Fig. 5:Assessment after Step 1

As mentioned, Step 1 can be used as pre-selection method in order to reduce the number of objects
assessed in the next steps. In this example, the user decides that further assessment shall only be
252

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

performed for objects on very critical network sections (Section 1 and 6). When performing the
Vulnerability Assessment, the Damage Potential and the Feasibility of Attack of each object is
assessed. The user has the possibility to accept the default score or to adapt the values according to the
individual object (e.g. the investigated object differs from common standards).Fig. 7shows the
respective CAV-matrix after performing Step 2.

Fig. 6: CAV-matrix after Step 2

Fig. 7: CAV-matrix after Step 3

In Step 3 the user decides that the first priority is Criticality, the second Vulnerability and the third
Attractiveness. After this decision-making process the CAV-matrix can easily be ranked by the user.
Fig. 8shows the resulting ranking of objects according to the current prioritization. In this case, it is
recommended that measures shall be implemented first for the “object 6_3”.
The assessed CAV-parameters are transferred to the Measure Assessment in Step 4 where the user is
suggested appropriate measures in order to reduce the Criticality, Attractiveness or Vulnerability.
Based on the list of recommended measures, the user can decide which measure is the most suitable
(e.g. cost-effective) for the specific object.
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ABSTRACT
Previous research has shown that wind speed and wind direction in subway tunnels and stations is
dependent on external conditions and is thus not primarily controlled by the movement of trains in the
tunnel [1]. The existence of this natural airflow results in dynamic processes within underground
facilities. To gain a better understanding of such dynamic processes, results from permanent
measurements of airflow in tunnels and data from field experiments (mobile ultrasonic anemometer
measurements and tracer gas experiments) were used to validate a turbulence solving CFD simulation
inside a highly complex subway station. Such simulation gives the opportunity to obtain wind
characteristics and distribution of tracer gas concentration in temporal and spatial resolution over an
entire station. This knowledge can be used to expel safe escape routes and ensure the safety of
passengers and rescue teams in the event of a disaster.
KEYWORDS: CFD simulation, chimney effect, LES, natural airflow, subway climatology, tracer
gas experiments
INTRODUCTION
Subway systems have special conditions during any emergency situation due to the fact that they
operate mostly underground [2]. Tunnels and stations appear to be particularly vulnerable because of
the large number of individuals, especially during rush hour, which use the subway every day.
Catastrophic fires (Baku 1995, Daegu 2003) and terrorist attacks (Tokyo 1995, London 2005,
Moscow 2010) have caused high numbers of casualties in the past and emphasize the vulnerability of
the underground public transportation.
Escape routes are extremely limited and overlap with distribution paths of airborne toxins like CB
weapons or flue gases [2]. This is why the highest number of casualties in the catastrophic fire in
Daegu 2003 was located in the upper levels of the subway station and on the surface whereas the fire
had its origin in the lowest part of the station. Strong chimney effects, supported by vertical structures
like stairs, escalators and connections to buildings on the surface, favor such processes.
During operation hours the train service is generally the controlling factor for the dispersion of toxins,
but the natural airflow always influences the dispersal in the background [2]. Right after train service
comes to an end, the natural background airflow becomes dominant [3 & 4] and constitutes a drive for
tracer gas experiments during operational breaks.
This article examines the spread of airborne toxins in the highly complex underground station Berlin
Alexanderplatz by coupling data from field experiments with CFD simulation. Alexanderplatz is
located in the center of Berlin and is the largest interchange station in the city, consisting of three
subway lines, the north-south running lines U2 and U8 and the east-west running U5. The station is
vertically divided into the level of the U5 (level -4), two mezzanines in East and West (level -3), the
level of the lines U2 and U8 with a shopping level (level -2) above the U5 and exits East and West
(level -1) (see Figure 1).
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The station has nine exits directly to the surface and two connections to buildings on the surface. This
is on the one hand, the transition to a long-distance train station by the same name with shopping level
in the basement and on the other hand, a transition to an office building (Berolinahaus).

Figure 1

Permanent climate measurement set-up of subway station Alexanderplatz and
observed wind direction during operational breaks from 6th December 2011 to 6th
December 2013 based on 10 min averages. Missing percentage represents wind speed
between ±0.05 m s-1 and cannot be assigned due to the accuracy of measurement
sensors.

DYNAMICS OF AIRFLOW INSIDE A HIGHLY COMPLEX SUBWAY STATION
The difference of air temperature between the outer atmosphere and inside the subway stations is of
high importance. Generally two states must be considered, in spring and early summer outside air is
warmer than inside and leads to weak natural airflow inside the station. In autumn and winter, air in
the subway station is much warmer than outside which results in strong compensating air flows within
the station [2]. Connections to buildings on the surface play also an important role. The subway
station Alexanderplatz in Berlin, Germany is a highly complex station, which is connected to a longdistance train station with shopping mall. Such a connection could result in strong chimney effects, if
the entrance is permanently open like it is in case of the above train station. In this case the over
warmed train station (in relation to the subway station) pulls air out of the subway station and so
promotes chimney effects.
Vertical structures within the subway station, like staircases and escalators, former often serve as
escape routes, are also of high importance. Strong chimney effects could be observed and measured in
these areas. Apart from staircases with clear chimney effects there are also stairs where the air flows
downwards of compensating flow reasons [5]. Climatological measurements combined with a
256

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

turbulence solving CFD simulation provide the possibility to assess escape routes and identify
contaminated routes.
DESIGN OF MEASUREMENT
Since winter 2011 six ultrasonic anemometers in each section between station and tunnel of the three
subway lines and twelve high precise temperature sensors (two at each anemometer; floor and ceiling
of the tunnel) were installed in the subway station Berlin, Alexanderplatz (see Figures 1& 2).

Figure 2

Mobile measurement set-up for field experiment during operational brake from 22th
October to 23th October 2012.

FIELD WORK
Beside extended airflow measurements with permanently installed ultrasonic anemometers inside the
tunnels, five tracer gas experiments were carried out at different times of the year coupled with
ultrasonic measurements on varying points inside the subway station. These field experiments bring
significant knowledge about the natural airflow dynamics inside such a highly complex station.
Airflow measurements inside tunnels were conducted with 2D ultrasonic anemometers with a
sampling rate of 1 s, inside the station with 3D ultrasonic anemometers during operational breaks.
Sulfur Hexafluoride (SF6) was used as tracer gas, which is a common method in dispersal analysis [6].
In each field experiment, the tracer gas was discharged at one place within the station, almost
exclusively on the lowest level (level -4) in the middle of the platform. Air samples were taken
manually by special syringes which were then sealed and later analyzed in the laboratory. Samples
were taken every minute on the duration of the experiment (approximately 25 minutes).
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Mobile measurements with ultrasonic anemometers where used to determine chimney effects inside
the station (3 field experiments) or to calculate the volume flow on each entrance into the station from
the surface (2 field experiments). This article is based only on one field experiment in which mobile
measurements were carried out at entrances. The amount of data is being used for defining boundary
conditions for turbulence solving LES (Large Eddy Simulation) CFD-simulations of the airflow and
dispersion inside the station.
MODELING AND SIMULATION
Berlin Alexanderplatz is a highly complex station with about 200 m in x and y direction and about 17
m in z direction. The geometry of the subway station was modeled from existing 2D-CAD material
and brought into a watertight state which is the basis for the CFD simulation done by Lohmeyer
Consulting Engineers. For turbulence solving simulation of the time-dependent airflow within the
subway station the CFD model OpenFOAM is used in Large-eddy simulation (LES) mode. LES
models provide similar to a wind tunnel, turbulent fluctuations in space and time. The average airflow
and passive scalar concentration distribution are obtained by time averaging the LES time series.
The latest stable release, OpenFOAM version 2.2.2 from October 2013, was used for the simulations.
From the library of CFD solvers contained in OpenFOAM, the pimpleFoam solver for transient,
incompressible flow was chosen. The reason for this choice was that this solver is able to dynamically
adjust the time-step during the simulation: it maximizes the time-step while maintaining numerical
stability. This is vital to minimize the CPU time for LES on large meshes as in the case of Berlin
Alexanderplatz.
The pimpleFoam solver was customized and extended to compute not only turbulent flow (original
pimpleFoam code) but on-the-fly also turbulent, Eulerian passive scalar dispersion (extended code).
Subgrid-scale turbulence parameterization uses the Smagorinsky model with van Driest-type wall
damping.
The geometry which was provided in stereolithography (STL) file format was preprocessed using
OpenFOAM’s native meshing tool snappyHexMesh to create a 3-dimensional, mainly hexahedral
mesh. One (walls) or two (staircases, pillars) mesh refinement steps were performed to let the mesh
conform to the geometry. This resulted in a typical grid length of 25 cm ~ 50 cm and a total mesh size
of 1.4 million cells. All walls are treated as aerodynamically rough surfaces with a roughness length
of z0 = 1 cm.
The simulation presented in this paper was driven by simplified boundary conditions and is thus not
yet suitable for validation but should be regarded as a feasibility study. Most of the patches (tunnel
mouths, exits) have a prescribed inflow of 0.1 m s-1. One exit, the transition to the long-distance
railway station, has a prescribed outflow of 1.0 m s-1. Two patches (exit “west-west” and exit
“Berolinahaus”) are left “open”, i.e. the solver itself controls their patch-normal flow – at least one
such patch is required to balance the flow in order to satisfy continuity.
The simulation lasts for 30 min. After a spin-up time of 2 min the source is activated and then emits
continuously until the end of the simulation with a total emission rate of 0.008 kg s-1. The source has a
volume of (2 m3) and is located where the tracer gas was released during the field measurement on
23rd October 2012, as marked by the star symbol in Figure 4. This simulation lasted almost two days
on using all 12 cores of an in-house PC (Intel® Xeon(R) CPU X5670 @ 2.93GHz).
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RESULTS
In a first step the spreading of the tracer gas, based on the measured concentration, will be presented
and interpreted. In the second step the pollutant concentration, based on the CFD simulation, will be
visualized.
Four minutes after release of the tracer gas, the highest amount of concentration could be observed at
measurement point 13 in the shopping level (see Figure 6). Despite the fact, that SF6 is heavier than
air, tracer gas was found in this area with direct exits to the surface. These exits also represented the
easiest and fastest way out of the station related to the point of release. Chimney effects in the central
staircases (see Figure 4) are the main factor for this high concentration at this point.

Figure 3

View from mezzanine U5/U8 to the staircase connecting the shopping level. Behind
the stairs in the front are stairs downwards to the platform of line U5 where the point
of release is located. The white arrow visualizes uprising airflow.

Seven minutes after release, the shopping level, the level of line U8 (level -2) and exit west (level -1)
were fully contaminated whereas the eastern part of the station keeps completely free of concentration
(see Figure 7). Considering the flow conditions in the tunnel measurement points and data from
mobile ultrasonic measurements at exits to the surface, this situation is predictable. There is a clear
inflow from both sides of line U8 and a slightly less strong inflow from both sides of the U5, whereas
the line U2 shows an air flow through this level from south to north (see Figure 5). Except
measurement points 6 (shopping level), 8 (exist east), 9 and 10 (both U2) all ultrasonic measurements
at exits show a clear outflow of the station. Measurement points 6 (shopping level), 8 (exit east) and
10 (U2) represents clear inflow and MP 9 (U2) is indifferent. Remarkable are MP 3 (exit west,
connection to long-distance railway station) and MP 8 (exit east), because of a very strong outflow at
MP 3 with approximately 2 ms-1 which find its cause in the above-ground railway station, that pulls
warm air out of the subway station and creates a strong chimney effect at this connection exit. Data
from MP 8 shows strong inflow of cold air masses with averaged 1.14 ms-1.
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Figure 4

Observed wind direction during tracer gas experiment at operational break from 22th
October to 23th October 2012. Missing percentage represents wind speed between ±0.05
m s-1 and cannot be assigned due to the accuracy of measurement sensors.

Figure 5

tracer gas concentration at 20 different locations inside Alexanderplatz during tracer gas
experiment 23th October 2012 – 4 minutes after release
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Figure 6

tracer gas concentration at 20 different locations inside Alexanderplatz during tracer
gas experiment 23th October 2012 – 7 minutes after release

11 minutes after release the highest measured concentration with more than 10000 ppb was found in
all western parts of the station. Only the southern section of the line U8 (level -2) and the eastern part
of the entire station stays free of tracer gas. The eastern part remains free of concentration during the
whole tracer gas experiment.
As mentioned before, the simulation was obtained with simplified boundary conditions and should be
seen as a feasibility study and is not yet suitable for a direct comparison with the results of the tracer
gas experiment. So for example, the volumetric source of the release point is not yet properly scaled.
Nevertheless appears the dispersion behavior in the simulation qualitative plausible by showing
generally the same turbulent fluctuation in space as the tracer gas experiment (see Figures 8 & 9). The
main factor for the spreading into the higher western section of the subway station is caused by the
strong chimney effects at mostly all exits in this area supported by a clear inflow of warm air from the
tunnels of the line U8 and intrusion of cold air from the eastern section.
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Figure 7

Top view of the CFD simulation Berlin Alexanderplatz, containing a plane view
through the level of line U5 (level -4) and mezzanine U5/U8. Time should be similar
to the situation 4 minutes after the release of tracer gas.

Figure 8

Top view of the CFD simulation Berlin Alexanderplatz, containing a plane view
through the level of line U5 (level -4) and mezzanine U5/U8. Time should be similar
to the situation 11 minutes after the release of tracer gas.
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CONCLUSION
Every tracer gas experiment conducted in this station has shown a clear situation of gas contaminated
and gas free areas. By dividing the entire station in a western and eastern part, each region was
affected in a few minutes by the tracer gas and stayed contaminated during the whole experiment. A
complete contamination of the entire station has never been detected. Such clear situations (either on
half contaminated or not) show the necessity of dynamic escape routes. By providing a dynamic
system with the information of the actual airflow, the danger of life loss due to catastrophic
circumstances could be minimized.
OUTLOOK
Only the situation during the tracer gas experiment in October 2012 was taken into account. Future
work will be the analysis and simulation of other field experiments and hypothetical simulations like
closing the connections to other buildings (long-distance railway station), which should effect
chimney effects, or simulating other release points within the station – except for one experiment, the
tracer gas was always omitted at the lowest level of the subway station.
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BRIDGE – Validation of technologies and simulations for
crisis management
Maximilian Wietek1, Michelle Burghart1, Volker Wetzig1 & Alexander Riedl1
1
VSH Hagerbach Test Gallery Ltd, Flums, Switzerland

ABSTRACT
BRIDGE is about interoperability of data, tools, systems and equipment in the scope of large crisis
management. Four times during the entire project duration (48 months starting from April 2011),
partners are demonstrating to the public what they have achieved in the past project period. In order to
satisfy end user needs and to meet criteria derived from these needs, Work Package 10 (Validation,
lead VSH) is taking care of validating project results and achievements.
In the first reporting period, a BRIDGE validation process has been developed based on the renown
V-model for validation. The validation plan is designed to validate both functionality and robustness
of developed and integrated systems – integrated in Concept Cases (CCs).
Furthermore, tests have been carried out based on Test Case Scenarios (TCS) developed by WP10 and
approved by the End User Advisory Board consisting of high level end user representatives from the
different services involved in crisis management (police, fire fighters, medical services). These test
case scenarios are supposed to challenge BRIDGE technologies in a well defined environment and in
their entire capability. The scenarios allow for scrutinizing specific concept cases (i.e. a set of
precisely described services) by specificly testing each of the services that systems promise to
provide.
One of the services is an ‘Expert System’ providing data from an EU critical infrastructure library that
is developed in BRIDGE. The data of the library describes for instance exposure of a critical
infrastructure building to a certain hazard, or the impact from an incident on a certain region of
interest. An example is the spread of a toxic plume after an explosion in a chemical facility for
instance, where evacuation plans may depend on the development of the plume towards populated
areas in the vicinity of the incident. Another scenario could be a suspicious car in front of an embassy
or governmental building. Computer simulations for such a threat scenario have been validated with
blasting tests at Hagerbach Test Gallery.
Boiling down the feedback from the End User Advisory Board, from first responders making use of
BRIDGE technology in trainings and demos, and from the reviewers of the European Commission,
and searching for the common denominator, there is one conclusion to be drawn: It is all about
integration of the different systems. The most powerful units are useless when they are not well
integrated in an entire system satisfying user needs. So validation should always be done closely
related to the real context – not only against specific requirements – and in the corresponding
environment.
KEYWORDS: crisis management, simulation, blasting tests, fire fighting, tunnel fire, training
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BRIDGE - CHALLENGES IN LARGE CRISIS MANAGEMENT
The goal of BRIDGE is to increase safety of citizens by developing technical and organisational
solutions that significantly improve crisis and emergency management. The key to this is to ensure
interoperability, harmonization and cooperation among stakeholders on the technical and
organisational level. Technologies provided are aiming for the availability of a common operational
picture for all first responders involved.
Therefore, BRIDGE delivers:
• Resilient ad-hoc network infrastructures, focussing on the requirements evolving from
emergency scenarios
• Generic, extensible middleware to support integration of data sources, networks, and systems
• Context management system to foster interoperability of data, providing meaningful, reliable
information.

Figure 1: End user involvement in BRIDGE review
Technical interoperability is crucial for improving multi-agency collaboration and continuous
training, but its full potential can only unfold, if technology can be integrated and sustained into
agency workflows and communication processes. On the level of organisational harmonisation,
BRIDGE will provide:
• Methods and tools that support run-time intra- and inter-agency collaboration
• Model-based automated supports system combined with scenario-based training
• Agent-based dynamic workflow compositions and communication support systems.
Making available an increasing amount of data for crisis response systems has to be accompanied
with developing intelligent human-computer interaction models to make these data usable.
BRIDGE will contribute to this by developing:
• Adaptive, multi-modal user interfaces
• Novel stationary and mobile interaction techniques
• Approaches on how to raise awareness through visualization of ad-hoc networks.
BRIDGE is committed to an iterative user-centred approach incorporating and validating user and
domain requirements. The consortium consists of a well-balanced mix of cross-disciplinary
academics, technology developers, domain experts and end-user representatives. Furthermore, the
establishment of a User Advisory Board will guarantee active end-user involvement during the whole
project.
THE BRIDGE VALIDATION PROCESS
The BRIDGE project is divided into four phases. Each phase takes about twelve months in
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accordance with the Description of Work. Four times, the project runs through a complete research
and development cycle, as the one described in the introduction. At the end of each cycle, a
Demonstration (Demo) of the Concept Cases is held, followed by the validation through WP10 and
finally with an evaluation by the End User Advisory Board (EUAB). The validation loop is designed
to provide feedback into the development cycle that should be used to refine concepts and
technologies in the next period.

Figure 2: Large Demonstration in Stavanger, Norway
In the first period, the emphasis was on Scenario development and Real Scale tests of applications.
This included the following activities:
• The development of test scenarios though workshops in which partners talk to end-users.
• All relevant sites with specific boundary conditions in terms of crisis management were taken
into consideration.
• The End User Advisory Board provided input on the relevance and the completeness of the
scenarios.
• Validation was prepared for both conceptual and theoretical experiments to be implemented
as desk work but also in a real scale environment.
• Planning and implementation of the experiments for validation. This included the definition
of test objectives, properties of the test environment, scheduling and finally instrumentation
for the investigations.
Data acquisition and monitoring was worked out to meet the specific requirements of each
experiment. Finally, applications are tested in real scale at different test sites with boundary
conditions needed for each of the specific test scenarios.
In order to create possibilities for integrating the demonstrations with real training events of first
responders, the project was forced to make some changes to the schedule for the demonstrations. The
second demonstration is shifted slightly backwards in time, and the third demonstration has been
advanced. Due to tight coupling between demonstration and validation there is now also a shift (see
Figure below) in the four time scopes of validation.
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Figure 3: Four Validation Phases in three Reporting Periods (RP), D stands for Demonstration
ROLES AND RESPONSIBILITIES
The purpose of validation is to evaluate to which extent the user needs have been satisfied and to
translate that into useful feedback for the next development cycle. This is done by performance testing
and general assessment of usability and sustainability of the system compared to the established user
needs.
During the development and the validation processes, the end users are involved to share experience
in bring in their expertise. Furthermore, the concept case owners are also extensively involved with
the design of testing procedures. It is their responsibility to ensure that the right requirements are
placed on the concept cases, their systems and their parts.
Subsequently, the validation criteria are mainly based on requirements that have not yet been
validated. To ensure valuable feedback, there is a responsibility for the Concept Case Owners (CCO)
to provide all necessary assets on site (or remotely) to make the validation process possible. This
includes elaborate descriptions and visualizations of the intended functionality to be validated, and
transparency of requirements and their implementations.

Roles

Responsibility

EUAB

Providing a second opinion as an external third (independent)
party

WP 02 – Domain Analyses

Providing the links to the end user needs

WP 09 – Demonstration

Challenging partners to show the progress of work

WP 10 – Validation

Evaluating how well project results satisfy user needs and
providing feedback to the partners

WP 03-08 Technical WPs

Showing Technical development and integration in a transparent
way

Providing a link between WPs and the demonstration (in order to
be validated)
Table 1: Roles and Responsibilities
CCOs
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END USER INVOLVEMENT AND PARTICIPATORY DESIGN
End-user involvement is important for the successful development of technologies and applications in
BRIDGE. The results of the BRIDGE project are to address particular user needs, and support critical
challenges in multi-agency collaboration. To achieve this, user involvement is grounded in the entire
BRIDGE project as follows:
•
•
•

in the structure of the project consortium, with the members of the End-User-Advisory-Board
as dedicated partners;
in the structure of the project (especially in WP 2, WP9, WP10, WP12, and also WP11 and
WP13, and their interactions);
in the specific tasks and activities of WP 2, WP 10, and WP 12, which focus on the domain
analysis, defining the user needs, defining social, legal and ethical issues, and evaluating and
validating the BRIDGE results, also in relation to those specific user needs.

“The developments in the project will be grounded on a requirements engineering process that
will be driven by the end users. Thorough domain analyses, studies of existing solutions,
practices and procedures, participatory design workshops, and domain-specific requirements
elicitation efforts will be performed to start with. In continuous cycles, the requirements will
be updated and refined based on the evaluation feedback gained from users and on validation
data measured throughout the project.”[1]
The BRIDGE End User Advisory Board (EUAB) gives feedback on a high conceptual level. The
development of Concept Cases and also the Test Case Scenarios are approved by the EUAB. The
following Concept Cases have been selected for Demonstrations:
•
•
•
•
•
•
•
•
•

Adaptive Logistics
Advanced Situation Awareness
Dynamic Tagging of the environment
Federated Control Room
First responder integrated Training System
Information Intelligence
Master
Robust & Resilient Communication
SWARM (Situation aWARe resource Manager)

EXAMPLE OF SOFTWARE VALIDATION
In the Concept Case of Advanced Situation Awareness, 3D computer models are developed for a
crititcal infrastructure library. In order validate the results of the simulations, field tests have been
carried out in the facilities of Hagerbach Test Gallery. For experimental validation of software
models created by HEXDAM/VEXDAM, explosive blast tests were carried out with passenger cars,
where small amounts of explosives were put in the luggage compartment on an exactly predefined
place, detonated, and the results evaluated with high speed cameras and still photography in
comparison to the HEXDAM models created before.
The pictures below show damages on pictures after the tests (left picture) and the results from model
calculations (right picture).
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Blasting tests have been carried out with different charges to proof scalability of the model
simulation.
CONCLUDING REMARKS
“Are you building the right thing?” BRIDGE WP10 wants to help find an answer to this key question
concerning validation. Supporting first responders and incident commanders with new technology is
not an easy task. To do so, the BRIDGE team needs to connect creative ideas and innovations with
routines that first responders are accustomed to in actual practice. Scientific work in laboratories and
harsh conditions on an incident site are as contrary as they can be. To ensure that BRIDGE solutions
meet end user needs, four validation loops (loops of improvement) have been introduced in the
BRIDGE project.
Each of these loops follows a cycle in accordance with the V-Model validation process, which has
been adapted to the BRIDGE specific needs. Along the “left arm of the V”, there are the three steps
of Design, Requirements Engineering and Specification & Implementation. The corresponding “right
arm of the V” covers Unit Testing, Criteria based Validation and Experience based Evaluation, which
is where the End Users’ experience comes into the play. From the very beginning, BRIDGE has
installed and consulted an End User Advisory Board (EUAB). The EUAB meetings take place twice a
year to gather feedback on the progress of work – and whether or not progress is in line with what end
users demand. The EUAB members provide feedback on strategic, tactical and operational level,
since it is important to fit new technology into existing routines for incident management.
So integration is important in two dimensions: First, components of BRIDGE technology must be
technically interoperable. Secondly, they must smoothly fit into daily procedures of incident
management. This is what we learned from the Demonstration to end users: All new technology is
nothing without integration.
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Load and Resistance Characterization of Tunnels under
Explosive Threat Scenarios
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ABSTRACT
Tunnels are key elements in modern traffic networks, often crossing rivers and city regions with a
high traffic density and important, highly frequented buildings and infrastructures in close proximity.
Against this background, economical and societal consequences of large scale accidents and malicious
threats such as fires, explosions, etc. are potentially very high. Furthermore, a comparatively small
initial damage to the structure might lead to a disproportionate effect for the tunnel itself, the whole
urban infrastructure system, or structures which are founded above or beneath the tunnel.
In order to evaluate how critical and vulnerable a structure or its elements are, many stages of analysis
have to be carried out to lead to an evaluation of the object under consideration.
Explosions in tunnels have an extremely low probability of occurrence in comparison to other
statistically certain events (wind, live loads), but at the same time, an enormous damage potential for
structure, life and environment. The scenario of explosions with a criminal, terrorist background is
additionally subject to further, sometimes subjective criteria so that the probability of occurrence has
to be combined with a plausibility check Therefore, a method categorized as deterministic has been
chosen for the investigation and evaluation of the possible extent of damage. The paper presents
combined with the scheme explained in [1] important elements for such an evaluation procedure.
Within this context, the paper will focus on the local and global structural integrity of tunnel
constructions in the event of explosions. In order to assess this local and global structural integrity, it
is of high importance to quantify the loading on and the resistance of the different tunnel types
adequately. Therefore, methods will be presented to capture the dynamic loading and the structural
resistance, especially taking the dynamic soil response under large stresses and strains into account.
KEYWORD: Tunnel, internal detonation, dynamic triaxial soil strength, hydrocode
INTRODUCTION
Germany has to cope with a high traffic density. Especially tunnels are key elements within this
traffic infrastructure. Hence, natural hazards or human made hazards like fire or explosions can have
enormous consequences for the economy or society. For this reason, the assessment of the criticality
and the protection of the traffic system and its elements are substantial elements to ensure the
efficiency of the transport infrastructure and the affluence of the society.
For the criticality assessment, the appropriate prediction of the possible incident consequences is a
main evaluation parameter. For this, it is essential to capture the high dynamic loading phenomena as
well as the mobilized resistances in the tunnel structure and also in the embedding soil within the
prediction and evaluation methods. Within this paper, the existing qualified methods will be explained
and discussed. In addition to that, an experimental testing method will be presented which enables the
determination of the dynamic soil response in order to derive sufficient numerical models for the
dynamic soil behavior under the dominant loading conditions. Finally, a large scale experimental test
set-up will be presented in which all decisive parts beginning from the loading side to the tunnel
reactions and the load transfer in the embedding soil were tested experimentally. The results from the
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experiment will be compared with the conducted numerical simulations of the test system using the
previouslyderived constitutive dynamic soil model.
The gained results are the key input parameters for a new, holistic and standardized assessment
procedure, which enables the user to compare the consequences of different scenarios in different
tunnel configurations in terms of vulnerability and robustness. The derivation and discussion of this
model is presented in [1].
FUNDAMENTALS FOR THE EVALUATION OF EXPLOSIVE LOADING CASES
In order to assess the vulnerability und criticality of defined explosive loading scenarios, it is
necessary to capture and describe both the loading and the resistance under the given loading
characteristics adequately. The requirements for this will be explained in the following sections.
Explosive Loading
The loading caused by an explosion is decisively determined by the parameters explosive mass and
distance of the detonation center to the regarded structural component.
The peak overpressure resulting from the detonation of contact charges reaches values of many
gigapascals acting for milliseconds, while distance charges typically reach peak overpressure values
of the shock wave of many hundreds of kilopascals acting for many hundredths of a second. An initial
engineering estimation of the type of loading resulting from a detonation can be obtained by using the
so-called scaled distance Z, derived from the similarity laws according to Hopkinson-Cranz [2].
A scaled distance of Z > 0.5 acting on flat structures of reinforced concrete elements, for example
walls and slabs, leads to a global structural reaction in the form of bending of the element. In contrast,
scaled distances of Z < 0.5 lead to predominantly shear and punching loading of the structural
element.
Near field loading conditions
Contact detonations or detonations at very small scaled distances result in a deformation
phenomenology which is very complex. An extremely sharp shock front with pressures in the range of
several gigapascals or more is transmitted from the explosive into the structure. Reflections from the
rear surface cause scabbing and ejecta. At the same time, a crater of fully and partly damaged material
is created on the front. If both regions coalesce, total perforation will occur.
These complex processes cannot be easily described by an analytically based model. Lönnqvist [3]
and, based on that, Gebbeken [4] showed that the occurring effects of these phenomena can
reasonably be captured by empirical approaches for reinforced concrete. Gebbeken at the University
of the German Armed Forces and the Bundeswehr Technical Center for Protective and Special
Technologies (WTD 52) undertook further extensive testing and simulation to extend the engineering
methodology to fiber concrete, earth cover and more other details and implemented the findings in the
engineering tool XPLOSIM. Basis is the empirical description of damage in terms of the parameters
crater depth, crater diameter, spalling depth and spalling diameter.
The effects of the supporting soil on the non-loaded side of the regarded reinforced concrete element
are not considered within the existing tool. But by neglecting the supporting soil, a conservative
assessment of the damage can be conducted due to the fact that the soil decreases the damage
parameters mentioned before. If a more detailed analysis is required in order to consider the bedding
soil conditions or to assess a multilayer construction, specialized finite element methods from the
class of the hydrocodes are capable to simulate the complex phenomena of a contact or close-in
detonation scenario.
Finite methods quoted as ‘hydrocodes’ numerically solve a set of partial differential equations derived
from the conservation of
- mass,
- momentum and
- energy.
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Explicit time integration schemes are necessary to resolve shock wave portions in the time scales
smaller than microseconds. The formulation and discretization can be body-fixed (in Lagrangian
coordinates) mostly when components with failure or damage descriptions are involved. Space-fixed
(Eulerian) coordinates normally describe flow fields, i.e. the reaction and expansion of explosive
products and the air shock. Fluid-structure coupling of both domains is state of the art.
During contact and close-in detonation, peak pressures of up to the GPa range are orders of magnitude
higher than the strength of the loaded structure (e.g. f’c = 35 MPa for conventional concrete). In this
case, an appropriate description of the material by an equation of state linking variables of pressure,
density and internal energy is required.
The response of sample areas at some distance from a contact detonation or of air blast loaded
structures is dominated by the strength and failure of the material.
The key phenomenology which any concrete model in a hydrocode should cover to capture this
regime is:
- pressure dependence of the ultimate strength,
- strength influenced by triaxial stress state,
- strain rate enhancement factors,
- residual friction resistance of partly or fully destroyed concrete.

Figure 1

Comparison of experimental results for a close-in detonation with engineering tool
prediction and numerical simulation using a hydrocode [7]

Far field detonations
For a detonation in an internal confined space like a tunnel construction, the characteristics of the
blast wave propagation are significantly different from the characteristics observed for an ideal free
field detonation. The overall effects of the blast wave on the tunnel structure increase heavily due to
the confined space in the tunnel. Caused by multiple reflections, the characteristic fast pressure
decrease which can be observed under free field conditions is diminished inside a structure and the
following underpressure phase is missing. Rather, two different overpressure phases are the results of
the internal explosion conditions.
Fundamentally, the two stages are to be differentiated: the very high peak pressures occurring at the
start (many bars) with a short action time and the subsequently occurring gas pressure or the so-called
quasi-static pressure, which in comparison with the peak overpressure has less pressure amplitude, but
a longer duration of action (many 100 ms).For a further explanation of these phenomena, see also [5]
and [6].

273

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Figure 2

Generic pressure-time history of an internal detonation in a tunnel divided into the
maximum peak overpressure phase and the quasi-static gas pressure phase (enlarged
diagram on the upper right)

Figure 2 visualizes these two phases for a generic pressure-time history in a tunnel construction. The
quasi-static pressure is enlarged in the upper right diagram.
For far field explosions in unconfined spaces, static equivalent loads may be applicable under certain
circumstances and, under proper usage, lead in most cases to a conservative vulnerability assessment.
Due to the complexity of the explosion in a confined space explained before, those static equivalent
loads are totally out of scope for this loading type.
Resistance against explosive blast loading
For the resistance side, the load bearing behavior of reinforced concrete under blast loading conditions
is relatively well known and can also be predicted with numerical methods, especially with finiteelement methods from the class of the hydrocodes. A good validation example for the predictive
quality of the numerical simulation is given in [7]. Also, the application of these tools in combination
with the derived material description of the reinforced concrete under high strain rate loading regime
has shown a good prediction quality for non-earth covered ammunition storages under an accidental
internal detonation scenario. For this loading case, the quality of the simulation was evaluated by the
comparison of numerical results with high speed video frames at selected times. Figure 3 shows the
comparison at three moments. The red clouds in the simulations represent the explosive products.
In contrast to the non-earth covered ammunition magazines, tunnel constructions under an internal
detonation are also supported by the surrounding soil under the dynamic loading regime. For soil
materials, the number of available investigations which cover the dynamic bearing behavior under the
decisive stress and strain rate regime is limited. The actual state of the art in this topic is well
summarized in [10]. Unfortunately, especially for the strain rate regime between 10 Hz and 100 Hz,
which is significant for an internal detonation, systematical experimental investigations have not been
performed. The interesting strain rate regime and stress level were determined with simplified FEM
calculations which have been conducted in order to estimate the occurring order of magnitude for both
the values stress level and strain rate regime.
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Figure 3

Comparison of numerical simulation and experiment for an accidental detonation of
ammunition in a reinforced concrete structure [8] (experiments conducted and
documented by [9])

Due to the lack of available data for the strength and stiffness of the soil in the determined stress and
strain rate regime, an experimental test procedure has been developed in order to identify the
characteristic values for dry sand under the mentioned dynamic loading profiles. The test procedure
represents a dynamic triaxial test using a Split-Hopkinson bar facility. With this test facility, the dry
sand could be tested under triaxial loading conditions and strain rates between 70 Hz and 90 Hz and
stress level over 1 MPa.
A typical SHPB set-up consists in a loading device, a set of bars (incident, transmission, and striker
bar), and a data acquisition and recording system (Figure 4). The experiments are performed by
placing a specimen in between the incident and transmission bars. The striker bar can be propelled
using a gas gun striking the incident bar, and creating a compressive wave in the incident bar. The
compressive wave travels through the incident bar, and when reaching the specimen, the wave divides
into two parts: one continues through the transmission bar, while the other wave part reflects back and
travels back into the incident bar. The instrumentation consists of several strain gauges, force
measurement foils, a high speed camera for displacement measurement and a pressure chamber to
adjust the initial soil stress state. In the developed test set-up, the soil specimen is placed between the
input and output bar of the SHB facility; the end of the input bar, the soil specimen and the top of the
output bar are encased by a pressure chamber. The pressure chamber is coupled with a pressure
cushion at the end of the output bar. By adjusting the pressure in the cell and cushion, the soil
specimen is loaded in an isotropic initial stress state which represents the initial stress state in the soil
due to the soil overburden before the explosion in the tunnel.
With high sensitive and robust pressure foils which are placed at the top and bottom of the soil
specimen, the transient stresses profile which loads the soil can be captured. Using the high speed
video camera device which traces a black and white transition, the deformation of the soil is captured
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at the top and bottom of the test sample. With the captured data, the dynamic stress strain behavior of
the soil under the additional deviatory loading can be determined.

Figure 4

Conceptual test set-up and realization of the dynamic triaxial test at the Split-Hopkinson
bar facility

Figure 5

Measurement signals for the stress measurement foil at the top and bottom of the soil
specimen (dotted line top, straight line bottom)

Figure 5 shows an exemplary recording of the stresses at the top and bottom of the soil specimen. Due
to the length of the striker and the specimen height, a transient quasi static equilibrium stress state is
accomplished, in which the top and bottom of the test sample are loaded almost equally. Assuming
this equilibrium, the axial loading stress for the soil can be calculated using the mean stress value.
For the test, a typical sand type is chosen, which can be frequently found in Germany. The grain size
distribution of the sand is listed in Table 1. The sand type was tested in the developed test set-up
under varying boundary conditions. Main variation parameters for the different test series were the
bulk density of the sand probes and the initial stress level in the pressure chamber.
For each test configuration consisting of bulk density and pressure chamber, multiple tests are
conducted under the same test conditions in order to determine possible deviations in the test results.
In order to compare the different test configurations with each other for each configuration, a mean
stress strain curve was generated from the singular test results under the same conditions. Figure 6
visualizes the derivation of the mean stress-strain curve and shows the reproducibility of the
276

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

experimental results. As can be seen, the experimental results show a certain deviation, but the
amount of deviation lies within a range which could be also expected for static triaxial tests and is
mainly caused by the difficult test specimen preparation procedure for the tests. Taking this into
account, a good reproduction quality can be diagnosed.
D50 (mm)
U
Cc
USCS
Classification
emin
emax

Sand
0.58
4.58
0.79
SP
0.47
0.77

Table 1

Characteristic particle distribution parameters of the tested sand type

Figure 6

Results of three different tests under the same loading and specimen conditions and the
mean value derivation (bold gray line)

Figure 7 shows the determined results for the different investigated bulk densities and pressure
chambers. For the variation of the bulk density, it can be recognized that the shear strength
significantly increases with increasing density. The maximum shear stress under the same loading
condition develops from 2500 kPa for loose sand up to 3300 kPa for dense packaging. With
increasing shear strength, the amount of strains which are mobilized to reach the maximum shear
strength are decreased so that the soil behaves less ductile with increasing bulk density. The observed
phenomena correspond very well with the known static behavior of sand material and the influence of
the bulk density on this behavior. The main but major difference is the fact that the reached axial
stress level is round about 10-times higher than under static loading conditions.
The influence of the initial stress state on the dynamic shear strength of the soil is visualized in the
diagram in Figure 7 on the right side. The soil also shows a strong dependency of the shear strength to
the initial pressure level under these high dynamic test conditions. With increasing supporting
chamber pressure, the mobilized shear strength of the soil increases also significantly. An increase of
100 kPa from 50 kPa to 150 kPa chamber pressure leads to an increase in the yielding stress of the
soil sample of approximately 1000 kPa. Also, the required strains to mobilize the maximum shear
strength show a certain dependency to the stress level, whereby the stress mobilization to the
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maximum stress becomes stiffer with increasing surrounding pressure. This dependency is similar to
the soil behavior observed under pure static loading conditions.

Figure 7

Determined stress-strain relations of the sand under dynamic loading for different bulk
densities (left) and varying pressure chamber (right)

In summary, the soil under the high dynamic loading realized with the Split-Hopkinson bar facility
shows the same general dependencies for the influence factors bulk density and stress level as
observed under static loading conditions. The main difference between the results of the static tests
and the results of the dynamic tests is the mobilized shear strength of the soil under the given loading
regime.

Figure 8

Comparison of dynamic and static stress mobilization under triaxial loading conditions
(left) and determined static and dynamic friction angle (right)

In Figure 8, the mobilized stress-strain relations for static (dotted line) and dynamic (straight line)
loading conditions are compared for similar test conditions. Clearly noticeable is the high increase of
the mobilized stress for the same soil under dynamic loading conditions. In the right hand side
diagram in Figure 8, the determined friction angles are plotted for the different bulk densities of static
and also dynamic loading conditions. The comparison of the dynamic and static friction angles
showsthat the dynamic friction angles are in average twice as high as the known static friction angles.
This relation could also be verified in another test series which has been conducted for another sand
type.
In conclusion, this significant increase in the shear strength and also in the corresponding shear
stiffness of the soil material has to be considered in all vulnerability considerations for tunnels under
internal explosive loading scenarios. Therefore, the produced experimental results build a very good
basis for the validation of the used prediction models in terms of the implemented soil bedding
behavior under the dynamic loading conditions.
LARGE SCALE VALIDATION
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In the following final section, a large scale test set-up will be presented in which the full system of
tunnel and supporting soil is loaded by a real internal detonation. The results of the experiment are
compared to the conducted numerical predictions using a FEM code with a hydrocode formulation as
explained before, and a sophisticated and several time validated material model (RHT-model) for the
reinforced concrete. The reinforcement is modelled with discrete beam elements. For the soil, the new
developed material model which has been validated against the dynamic triaxial test presented before
is implemented in the code.

Figure 9

Experimental test configuration for large scale model test (left), high speed video frame
from the detonation process in the tunnel (right)

Figure 9 shows the experimental set-up. A scaled submerged tunnel construction is surrounded by the
same soil tested in the dynamic triaxial tests. Within the tunnel, a detonation with a real high
explosive was initiated (see Figure 9, right side). The amount of explosive charge was varied over the
test series so that the influence of the mass on the observed damage could be elaborated and compared
to the numerical results.

Figure 10

Observed damage in terms of cracking in the experiment (left) and the numerical
simulation (right), bright colors indicate crack inducing damage level

Figure 10 shows the comparison between the experimental observed and numerical calculated damage
pattern in the invert of the scaled tunnel. In general, a good agreement between experiment and
numerical prediction can be diagnosed. The area and severeness of the observed cracks is principally
reproduced in a good agreement with the numerical FEM calculation. Since the code and material
model are not able to calculate discrete crack openings, the implemented damage model in the
concrete material model indicates the cracked region in the concrete plate (bright regions in Figure
10) with damage values that exceed the crack formation threshold.
With further simulations, the numerical model can be validated for the full application range. This
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validation is currently under progress.
CONCLUSIONS
In the presented paper, the basics for the assessments of an internal detonation in a tunnel construction
are presented and discussed. For the loading side, we have to distinguish between a near field or far
field detonations. The different methods and evaluation codes available have been introduced. While
for near field detonations, engineering codes and hydrocodes FEM simulations are applicable, it is
essential to calculate the loading side with numerical wave propagation codes in order to capture the
loading in a sufficient way for far field internal detonations. Static equivalent loads are not applicable
for those loading cases.
For the resistance side, the dynamic response of reinforced concrete is well understood and calculable
with the same hydrocodes mentioned before. In order to determine the dynamic soil reaction under an
internal detonation loading, laboratory tests with representative sands have been conducted. In
summary, the mobilization of the shear strength of the soil is comparable to a static loading with the
main important difference that the dynamic shear strength in terms of the friction angle is
approximately two times the static one.
The results of the laboratory tests have been used to develop a material description which is verified
and validated against the results of the large scale experiments in which internal detonations were
conducted with high explosives comparing the observed and calculated damage on the tunnel
structure.
All the presented methods and their results are the essential input parameter for the evaluation scheme
presented in [1] in order to assess the criticality of different malicious scenarios in varying tunnel
construction types.
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ABSTRACT
Underground infrastructure structures are threatened by aftermaths due the all hazards: natural,
criminal, terrorist, and accidental such as a gas detonations, bumps, terrorist attacks, etc. Human
victims, decreasing of bearing capacity of the structural system and long-lasting traffic troubles can be
very extensive. This is why it is of great importance to assess dynamic impacts of explosives, which
are required by some contractors or developers for lowering the danger of damage of structures. In
order to fulfil these demands accurate computation is necessary and on the other hand also new
protective structures and methods have to be suggested and verified. The expensive, time consuming
or even dangerous experiments should be proved by the numerical methods. A series of tests was
conducted to investigate the blast evaluation of premixed methane-air burning and explosion in the
underground tunnel. LVDT and pressure transducers were used to record deflection histories and
measured airblast pressure histories.
KEYWORD: Tunnel, blast tests, shock wave, methane-air mixture, simulation
INTRODUCTION
Currently, due to different accidental or intentional events such as terrorist attacks with using VBIED
(vehicle borne improvised explosive device), for example can result not even in the collapse of
objects related to critical infrastructure structures all over the world but a great loss of life of the
civilians. This way explosive loads have received considerable attention in recent years, especially in
the part of the underground structures. Security and safety measures, such as those for anti-terrorism,
must be considered within a total project context and provide safety in the face of explosions
receiving today a renewed attention of designers and consulting engineers in details which are
characterized by big number of criterias [1] and specially by configuration of the tunnel structures [2].
Some articles investigated problem of burning and explosions of gas-mixed mixtures in the tunnels
[3], others give a numerical solution for explosions close to the tunnel structures [4], because there is
the possibility that the superheated vapor interacting with shock and temperature waves caused by the
point charge outside of the underground open space may cause extensive occurrence of fissures on the
surface exposed to the external loading envisaged in case of an external explosion. The propagation of
shock waves in the air is concisely described in the well known classical book by Landau and
Lifshitz, [5]. This book is a comprehensive publication in many directions of applied physics, from
which the gaseous (liquid) laws are important starting point for next considerations. Godunov, [6], put
forward an interesting numerical formulation to the previous theoretical conclusions, which is based
on moving meshes of finite differences. His idea is used today by some authors even for simulation of
explosion in underground structures [7]. An Eulerian conservative hyperbolic model of isotropic
elastic materials subjected to finite deformation addressed. Some modifications are made concerning a
more suitable form of governing equations. This model is compared with another hyperbolic nonconservative model which is widely used in engineering sciences. For this model in [2] developed a
Riemann solver and determine some reference solutions which are compared with the conservative
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model [8]. The numerical results for different tests show good agreement of both models for waves of
very small and very large amplitude. However, for waves of intermediate amplitude important
discrepancies between results are clearly visible. Based on linear impulses of pressure against a
structure is described in work of authors [9]. This is an example of using of a mathematical algorithm
used for solution of a typical example of a shock wave and structure interaction considering elastic
behavior of the structure and non-linear equations describing the air medium. General problem of
definition of loading on structures due to explosion and air shock waves is a complicated topic of
solid mechanics. It covers combined solution of gas dynamics, dynamics of soil and building
structures involving processes of dissipation of air-strike energy. That means that some part of this
energy is transferred to structures and soil massive. Two phases are necessary to distinguish. The first
is the gas phase and the second is the solid material phase.
FIELD TEST OBJECTIVES
The field experiments were concepted as experimental measurements pressure effects of premixed
methane-air mixtures burning and explosion of different concentration 6% and 15 %. TNT in mass
amount q = 4 kg and q = 10 kg have been used for initiation. Coal dust has been used for creation of
the fire front of the shock wave. These experiments was carried out in VVUU and were designed for
studying of the blast load distribution in tunnel of circular shape in cooperation with VVUU a.s.
(Vědecko-výzkumný uhelný ústav) in Ostrava-Radvanice (formerly Scientific-Research Coal
Institute).

Figure 1

Experimental facilities in Stramberk. (1) Big gallery, (2) Small gallery, (3) Old gallery,
(4) Galleries junction, (5) Expansion chamber, (6) Dam object, (7) Connection hole, (8)
Measuring box.

The measured pressure time-history were analyzed for all the tests. A typical analysis performed for
one of the measured signals is illustrated on the graphs below.

Figure 2
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Graph of the typical measured signals during the test
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GASEOUS PHASE
In this chapter the nonlinear equations for the gas medium (air) are briefly summed up. First, general
formulation is preferred in the rectangular Cartesian coordinates to be in compliance with the standard
theory by Landau, Lifshitz [5]. Then the system is transformed to cylindrical coordinates and the time
and space dependent solution is suggested. The problem defined in gaseous medium links chemistry,
shock waves (gas dynamics) and temperature.
Basic equations for gas medium
Mathematical modelling of the air movements is based on the solution of equations of gas dynamics,
which for general three-dimensional problem in Cartesian system of coordinates are listed as:

∂ρ ∂ ( ρvx ) ∂ ( ρv y ) ∂ ( ρvz )
+
+
+
=M
∂t
∂x
∂y
∂z
∂ ( ρcα ) ∂ ( ρvx cα ) ∂ ( ρv y cα ) ∂ ( ρvz cα )
+
+
+
= Rα + M α
∂t
∂x
∂y
∂z
∂ ( ρvx ) ∂ ( p + ρvx2 ) ∂ ( ρvx v y ) ∂ ( ρvx vz )
+
+
+
= Fx
∂t
∂x
∂y
∂z
∂ ( ρv y ) ∂ ( ρvx v y ) ∂ ( p + ρv y2 ) ∂ ( ρv y vz )
+
+
+
= Fy
∂t
∂x
∂y
∂z
∂ ( ρvz ) ∂ ( ρvx vz ) ∂ ( ρv y vz ) ∂ ( p + ρvz2 )
+
+
+
= Fz
∂t
∂x
∂y
∂z
∂e ∂[(e + p )vx ] ∂[(e + p )v y ] ∂[(e + p )vz ]
+
+
+
=H
∂t
∂x
∂z
∂y
where:
x, y, z

vx , v y , vz

ρ

(1)
(2)
(3)
(4)
(5)
(6)

Cartesian coordinates [m]
components of the vectors of velocity, [m/msec]

p

density of gas [kg/ m 3 ]
pressure of gas [MPa]

e = ρ[ε + (vx2 + v y2 + vz2 ) / 2]

full energy of a unit of mass of the gas, [MPa]

ε
ρ (v x2 + v y2 + v z2 ) / 2

potential energy [ m 2 / ms 2 ]
kinetic energy [ m 2 / ms 2 ]

Rα

an instantaneous rate of time and position signifies the fact that
chemical species can be created or consumed by chemical reactions (natural events).
signify the existence of resources of mass, momentum, and energy,
M , F, H , Mα
as well as of individual chemical species, the latter literally in addition to the naturally-occurring
effects of homogeneous chemical reaction Rα .

cα

coefficient, its values are dependent on chemical potentials.
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Using matrix notation,

 ρ 
 ρu 
 x 
σ =  ρu y  , a =
 ρu 
 z
 e 

 ρu x 
 p + ρu 2 
x 

 ρu x u y  , b =


 ρu x u z 
(e + p )u x 

 ρu y 
 ρu u 
x y 

 p + ρu y2  , c =


 ρu y u z 
(e + p )u y 



 ρu z 
 ρu u 
x z 

 ρu y u z  .

2 
 p + ρu z 
(e + p )u z 

the above equations can be written in a simpler form as:

∂σ ∂a ∂b ∂c
+ + +
=0
∂t ∂x ∂y ∂z

(7)

If the formulation possesses certain kind of symmetry three dimensional equations can be transformed
into one dimensional equations of the form:

∂ρ ∂ ( ρu ) (v − 1) ρu
+
+
=0
∂t
∂r
r

(9)

(8)

∂ ( ρu ) ∂ ( p + ρu 2 ) (v − 1) ρu 2
+
+
=0
∂t
r
∂r
∂e ∂[(e + p)u ] (v − 1)[(e + p)u ]
+
+
=0
∂t
∂r
r

(10)

v = 1, for plane problems;
v = 2, for cylindrical problems;
v = 3, for problems with spherical symmetry.
In case of cylindrical symmetry axial coordinate z is not considered in the above formulas. The
nonlinear equations are solved by the method of Godunov, [6] using special linearization of the above
equations.
If the formulation possesses cylindrical symmetry three dimensional equations (1)-(6) can be
transformed into one dimensional equations of the form:

(11)

∂ ( ρcα ) ∂ ( ρvcα ) ρvcα
∂ρ ∂ ( ρv) ρv
+
+
= M,
+
+
= M α ,
∂t
∂r
r
∂t
∂r
r
,
∂ ( ρv) ∂ ( p + ρv 2 ) ρv 2
∂e ∂[(e + p )v] (e + p )v
+
= F,
+
+
=H
+
∂t
∂r
r
∂t
∂r
r

The governing equation for the change of temperature T is written as:
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 ∂  ∂T
 +  λ
 ∂z  ∂z
∂T
∂T 
 ∂T

− C w ρ w  Vx
+ Vy
+ Vz
∂x
∂y
∂z 


C

∂T
∂  ∂T  ∂  ∂T
= λ
 + λ
∂t ∂x  ∂x  ∂y  ∂y

where

Vx = − K x


 −


(12)

∂p
∂p
∂p
, Vy = − K y
, Vz = − K z
∂y
∂x
∂z

K x = Kοx exp(− ησ xe ) , K y = Kοy exp(− ησ ye ) , K z = Kοz exp(− ησ ze )

(13)

with T , C and λ are the temperature, the volumetric heat capacity and the thermal conductivity of
the appropriate medium, respectively. K 0 x , K 0 y , K 0 z ,η are constants received from laboratory tests.
Equation describing the explosion can be recorded as
p = (γ - 1) ρ ε,

(14)

where γ is the exponent of adiabatic process. For the air γ = 1.4, in case of explosion the exponent of
adiabatic process becomes density dependent, i.e. γ = γ(ρ). Exponent of adiabatic process γ(ρ) can be
calculated in the following way
-

γ=3

if

-

γ = 1.3

if

ρ > 440 kg/ m 3 ;
ρ < 50 kg/ m 3 ;
50 ≤ ρ ≤ 440 kg/ m 3 - linear interpolation can be applied

γ = γ(ρ)
if
(monotonic and smooth dependence on density ρ is assumed).
Initial parameters for gas mixture in the blast chamber: gas mixture is methane with air, the initial
density of gas is ρ 0 = 0.117 kg/ m 3 , given heat energy to the mixture Q = 597.5 kcal/kg, the initial
temperature T of the gas mixture is 2930 K and the exponent of the adiabatic process is 1.25. Initial
parameters for steady state of the external atmosphere: ρ e = 0.125 kg/ m 3 , pe = 1.0332 kgs/ sm 3 ,

Te = 2930 K, sound velocity Ce = 340 m/s, γ = 1.4.
Since the mutual influence of the temperature, pore pressure and mass density is dependent on
relatively large experiment programs instead of (14) a straight relation is taken for sound velocity and
closed domain according to [10]:

T 
log  = d1 + md 6 + (d 2 + md 7 )Y +
 T0 
+ (d 3 + md8 ) Z + (d 4 + md9 )YZ + (d 5 + md10 ) Z 2

(15)

where

m = {1 + exp[d11 ( Z + d12 )]}−1 ,
T0 = 288.16 K, X = log( p / 101.3) Y = log( ρ / 1.225) , the pressure is given in KPa, Z = X − Y

and the coefficients d 1 , d 2 ,..., d 12 are found in [10].
According to the same paper Y in relation (14) can be expressed as:
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γ = a1 + na9 + (a2 + na10 )Y + (a3 + na11 ) Z +
+ (a4 + na12 )YZ + a5Y 2 + a6 Z 2 + a7YZ 2 + a8 Z 3

(16)

where n = {1 + exp[(a13 + a14Y )( Z + a15Y + a16 )]}−1 , Y = log( ρ / 1.292) and Z = log(ε / 78408.4) .
The unit for ε is m 2 /s 2 and the coefficients a1 , a2 ,..., a16 are given in [11]. Here the original relation
(14) is applied.
Formulation of the problem in the gas medium
In the model which is solved in this paper the first, third and fourth equations (11) together with the
condition (14) are solved and the temperature is then dependent on the pressure and the mass density
as defined in (15). The time, measured in msec is divided into time steps being equal to 1 msec. In the
examples 33 time steps are taken into account, i.e. the final time T is 33 msec. The numerical
procedure is based on discontinuous finite elements (variational formulation), which is described in
[11] It is worth noting that first the weak formulation is created and the moving space is contemplated
till the final time T.
The behavior of the shock wave, which is described by the pressure, velocity, energy and the change
of temperature, is tested in special chambers, where also chemical properties are obtainable. Such a
chamber, together with the pressure distribution at specific time, is depicted in Fig. 3. Symmetric
hypsography is seen in the first two pictures while in the third picture obvious non-symmetric results
are due to non-symmetric geometry of the sides of chamber and, consequently, by the interaction of
impact and reacting waves in the chamber. Similarly, in the first two pictures the front of the shock
wave is identified by extreme pressure while the third picture shows the attenuation along the external
boundary of the touched domain and the peak of pressure moves to the center of the chamber (where
the source of explosion is located).
Example
A road tunnel of circular shape with inner diameter 20 m is studied in this example. The thickness of
the tunnel is 1.2 m.
For tunnel lining the following material properties are given as:

Lrr = 22.266 GPa , Lrθ = 4.07 GPa , Lrz = 4.07 GPa ,

Lθθ = 25.358 GPa , Lθz = 5.21 GPa , Lzz = 25.358 GPa

and the rock is considered by:

Lrr = 15.240 GPa , Lrθ = 1012 GPa , Lrz = 1012 GPa ,
Lθθ = 15240 GPa , Lθz = 1012 GPa , Lzz = 15240 GPa
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Figure 3

Propagation of the shock wave in the expansion chamber

The Tresca hypothesis is applied, as the stresses, both the hoop and axial, on the face of the tunnel
lining are enormously high and the lining cannot bear them if only elasticity is considered. The limit
stress is given by the value of 50 MPa. The tunnel lining is divided into 50 laminas, while the rock
only into 2. The laminas are considered as very accurate approximation of averaged temperature and
inertia forces, which can now be defined inside of each lamina. The explosion of uncovering charge is
taken into account, which is equivalent to 100 kg of TNT. The charge is uniformly distributed along a
line being parallel to the axis of the tunnel, i.e. the center of the explosion is at the origin of the global
coordinates system. The explosion charge creates a cylinder with the radius 0.195 m and the line of
explosion is 10 m in distance from the tunnel inner sidewall. Initial parameters for the gas are: the
initial density of the gas ρ° is 0.125 kg/ m3, the exponent of the adiabatic process is 1.25, initial
pressure of the external atmosphere is p° = 1.0332 kg/m2. In Figure 3, distribution of pressures at
various times is depicted. Since the source of the explosion is positioned at the center of the tunnel the
pictures are drawn in the equidistant scale from the center to the inner face of the lining. The
interaction of the solid phase and the gaseous phase is fully ensured at each time step. At
approximately t = 7 msec the shock wave is cast against the lining without restriction and strike on
the inner face of the lining. At t = 14 msec the pressure drops due to the reflective waves at on the
lining and attenuation is observed at cca 5 m from the source of explosion. On the other hand an
upheaval of the pressure is recorded at 8 m with the same amplitude. After t = 27.5 msec the pressure
drops on the inner face of the lining, attenuation is seen at about 4 m, but the amplitude decline to the
maximum value of 1.4 kg/cm2. After 33 msec the situation is almost stable and pressure inside of the
air is fixed at maximum 1.2 kg/cm2.
CONCLUSIONS
General problem of definition of loading on tunnel structure due to explosion and air shock waves is a
complicated topic of solid mechanics. It covers combined solution of gas-dynamics, dynamics of soil
and building structures involving processes of dissipation of air-shock energy. That means that some
part of this energy is transferred to structures and soil massive. For contact explosions on soil surfaces
this part can be up to 30% of explosion energy (on soft soils). But in this case with lifted charge
(center of explosion) the problem can be formulated in a simpler way. A series of blast tests were
performed in a tunnel in Ostrava-Radvanice. Numerical simulation of the gas-dynamic problem is
solved by the modified Godunov method. The propagation process of methane explosion in the real
full-scale tunnel was investigated using this method. Experiments also showed that the maximum
flame speed practically twice faster in case of 15 % concentration of methane in mixture compared to
the maximum flame speed in straight configuration with concentration 6%. The results of this
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investigation in near future can be used for actualization of emergency plans in relation to exceptional
events for securing and safety of the critical objects of the underground transport infrastructure. It has
led to the design of technological solutions and behaviour management in order to improve the design
of tunnels for resilience to security and safety measures, such as those for anti-terrorism, including
impacts on civilians and the environment, regardless of the level of protection deemed appropriate.
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ABSTRACT
Although there is a remarkable assortment of ‘regulations’, they do not cover all the variations of
safety concerns in the tunnel world. This paper has very briefly describes processes that may be used
to develop solutions to safety issues not covered by the regulations and provided relevant regulation
sites that may provide further understanding. Limited recommendations are provided to inform the
reader of key first steps necessary to ensure a tunnel project does not miss required regulations and
establishes clear documentation for all parties to support the decision process.
For those who spend time working with safety regulations that don’t quite fit, the author urges them
to share their hard earned knowledge with the regulation technical committees and others who take
time to update the regulations. Knowledge gained from one tunnel property could save lives in
another tunnel.
Additionally, strive to identify what is missing in our joint understanding of tunnels. Ventilation zone
extraction, fixed fire suppression densities, or application methods, reversible lanes, combined road
and rail tunnels are all being discussed and we need more information that can only be derived by
testing.
Keep in mind we are striving to ensure the tunnels are reasonably safe. To accomplish this we need a
partnership representing the gamut of efforts by the group that makes up the tunnel authority, and the
dedicated individuals that serve as the authorities having jurisdiction. Together we can reach an
overall goal of tunnel safety.
As always, it is better to simply, ‘Stay Safe’
KEYWORDS: Authority Having Jurisdiction, Safety code, Safety Regulation, Alternate means and
methods, Practical difficulty, Appeals, National Fire Protection Association, International Fire Code
INTRODUCTION
Although there are many safety codes, standards, best practices and regulations pertaining to tunnel
safety, newer scientific information, engineering improvements and changing operational procedures
have created situations where the tunnel designers simply cannot always follow all the regulations, or,
the regulations simply do not adequately address the safety issue. This paper describes what may
occur when a tunnel project, either proposed or existing, is OUTSIDE THE TUNNEL SAFETY
REGULATIONS.
This paper describes the ‘regulations’, who has authority for enforcing and interpreting the
‘regulations’. Processes to reach a satisfactory resolution to regulations if the tunnel project does not
meet these ‘regulations’, or if the ‘regulations’ are silent on an issue. A brief discussion comparing
prescriptive versus performance based regulations, and a series of cases representative of situations
that were outside the ‘regulations’ or where the regulations conflict and a resolution was needed.
Key to the regulatory discussion is the direct impact scientific tests have made on the regulations.
The dramatic results of the Runehammer test tripled the peak heat release rate in one set of
regulations. The more recent Metro Project Full Scale Test dramatically proved the regulations
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maximum fire size needs review. Also in the Metro Project, additional tasks demonstrated clearly the
impact of carry on fuel load affected the fire, and the evacuation testing showed inconsistencies with
the assumption in the regulations. These tests and many others conducted internationally are
changing the way we understand fire and occupant behavior.
There is a regulatory domino effect as a ‘simple’ change to a peak heat release rate, changes
ventilation needs, exit strategies, etc. This has also brought more of the proven building safety
systems into the tunnels. Camera fire detection, fixed fire suppression, shaft pressurizations, are all
commonly discussed in tunnels now, and these systems came from the above ground building world.
Unfortunately in many cases these systems were not contemplated as part of the tunnel regulations,
and we are finding safety regulation inconsistencies, conflicts and gaps.
REGULATIONS AND RECOMMENDATIONS
We recognize the road and rail tunnels of the world present safety challenges. Sometimes these are
obvious, but as we learn ever more from scientific experiments the practical reality of these safety
challenges we must adapt the regulations to meet these challenges. Addressing these challenges by
providing ‘regulations’ to ensure the Design, Construction, and Operation is reasonably safe would
appear easy. However, we have recognized these ‘regulations’ do not cover every possible
combination of factors in tunnels that affect safety, and we must then develop processes to address
these situations, ensure adequate documentation is in place, and verify the decisions are being utilized
safely.
This paper is too brief to address the gamut of various international tunnel ‘regulations’, therefore
references reflect a portion of the USA applicable ‘regulations’ and allow the reader to draw
comparisons with their local ‘regulations’. Different regulatory bodies may use different technical
language, have different methods, and often may have a better understanding than the USA
regulations. In the end, we are foremost, all about safety.
The term ‘regulations’ is used generically in this paper to reflect the assortment of applicable codes,
statutes, laws, standards, regulations, best practices, guidelines, interim agreements, advisements,
specifications, recommendations, design criteria, etc. However, we must recognize not all of these
‘regulations’ are in fact legal requirements.
Although strict adherence to the ‘regulations’ is not required in some cases, they do provide guidance
which may, in the case of property loss, economic impacts, bodily harm, or death, be used in legal
proceedings to determine liability and assess possible monetary damages if these ‘non mandatory’
regulations are not followed. Some regulations such as the National Fire Protection standards (NFPA)
are not normally enforceable until specifically adopted by the jurisdiction as part of their regulations.
Prescriptive and Performance Based Regulations
Historically ‘regulations’ are established to prevent safety problems, or in reaction to significant
incidents to prevent their recurrence. These prescribe specific methods to ensure an expected
outcome. More recently the regulations have allowed Performance Based Design (PBD) processes
which do not prescribe the methods; rather a performance based approach details the minimum
outcomes and allows various methods to reach these outcomes.
Although the intent of prescriptive ‘regulations’ are usually understood, as they are based upon
historical or known problems and proven methods, a PBD approach requires considerably more
understanding of minimum outcomes and technical understanding of methods. This is especially true
when computer based modeling is used to determine the outcomes based on the variables in the
methods. For example, Computational Fluid based Dynamics (CFD) has been adapted for use in fire
heat and smoke modeling in tunnels. Key challenges with CFD include the need for verification to
ensure the modeling is accurate, and informing the regulatory bodies of how the results should be
interpreted.
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Given the importance of PBD, guidance documents have been established by the regulatory bodies,
most notably NFPA which has included a chapter in NFPA 101- Life Safety Code with PBD specific
language, specifically chapter 5. Jointly, NFPA and the Society of Fire Protection Engineers
produced the ‘SFPE Engineering Guide to Performance-Based Fire Protection, 2nd Edition’ available
through NFPA. NFPA has also prepared five performance based primers on these topics Goals,
Objectives and Criteria; Characteristics and Assumptions; Fire Scenarios; Verification
Methods; and Reliability. (1)
An article in the International Fire Protection magazine on Performance Based Design Relative to
Tunnel Safety was published in January 2013. This is recommended reading. (2)
Regulatory ‘Authority Having Jurisdiction’
We should understand the enforcement and the interpretation of the ‘regulations’ intent is usually held
by the Authority Having Jurisdiction, or AHJ. Per NFPA, the AHJ is described as “Where public
safety is primary, the AHJ may be a federal, state, local, or other regional department or individual
such as a fire chief; fire marshal; chief of a fire prevention bureau, labor department, or health
department; building official; electrical inspector; or others having statutory authority. For insurance
purposes, an insurance inspection department, rating bureau, or other insurance company
representative may be the AHJ. In many circumstances, the property owner or his or her designated
agent assumes the role of the AHJ; at governmental installations, the commanding officer or
department official may be the AHJ”. (3)
Usually the fire safety regulations are under the purview of the ‘fire code official’ which provides an
independent regulatory body with enforcement authority separate from the tunnel designer,
constructor, or operator. This ensures decisions are based upon the prescriptive regulations, or
performance outcomes regardless of agency policy, politics, budget, or personnel. However there are
several instances where the AHJ is the same agency as the tunnel agency. This is very workable, but
requires an added level of vigilance to ensure the decisions by the AHJ is not perceived to be
compromised and the owner uses experienced tunnel safety personnel.
Clearly, there are potentially multiple AHJs representing different construction, system, and
operation safety ‘regulations’ who may be present through the various stages of tunnel design,
construction, operation, and retrofitting. Inevitably, ‘regulations’ conflict with each other and when
this occurs, there may be a clearly defined hierarchy of one set of ‘regulations’ over another.
Unfortunately this hierarchy is often missing which leaves the AHJs to determine a workable solution
between the ‘regulations’ conflicts.
With the probability of regulation conflicts, and considering the regulations are updated periodically
there is a need to ensure the project fully understands what regulations are in force. Since the ‘tunnel
world’ science is evolving, the ‘regulations’ are also evolving and it is likely some key portions of the
regulations will change from year to year. If the project starts under one set of regulations and the
regulations change, the project may be required to change their design, and planned operations. This
could be very costly. To avoid this, and for all parties to rest assured there will not likely be changes
during design, the author strongly recommends establishing a ‘regulations of record’.
Recommendation 1. Establish ‘Regulations of Record’.
To avoid misunderstandings of ‘regulations’ it is essential all parties identify the applicable
‘regulations’. Typically the Tunnel Agency (TA) is comprised of owners, engineers, designers,
consultants, operators, owner contractors, etc. The TA should identify the AHJs early in the concept
stage and meet with the AHJs to develop a collaborative process for both identifying the applicable
‘regulations’ and to develop a process to resolve any regulation gaps or conflicts. This collaborative
process should include the emergency response organizations, even if they do not have specific
regulatory authority. Commonly this would be the criminal law enforcement agencies such as police.
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One collaborative process found to be very successful is the formation of a regular Fire and Life
Safety Committee meetings, or FLSC. All parties in the FLSC should understand there will be gaps in
regulations or regulatory conflicts and must develop a set of regulations that all parties can agree
upon. The version of the agreed regulation should be stated as well as any local amendments to the
‘regulations’.
Recommendation 2. Establish Documentation Process
Perhaps oddly, the first documents the FLSC should put to paper, is the process for documentation.
The method of documentation may have legal weight i.e. ensuring the documentation process is
unbiased, includes applicable regulations, and does not exclude AHJs. Consulting respective legal
counsel for the tunnel and the AHJs should occur both as part of the documentation process and
throughout the regulation conflict discussions. Therefore the process to establish the ‘regulations of
record’ should be documented as well as the regulations or record. In addition, the process to reach
resolution or agree to use existing language in regulations for resolution needs specific
documentation.
Documenting both the process to resolve regulatory problems and the agreed outcome is critical; one
outcome may be a Letter of Concurrence or LOC which captures the problem statement, applicable
regulations, desired outcomes, agreed solutions, and signatures by the TA and AHJ. The LOCs can
become the basis future changes in the regulations themselves.
Since the tunnel structures are expected to last longer than many surface structures, the tunnel systems
will likely be subject to retrofit, system upgrades, etc. The documents created during the design
process, including the LOCs will ensure future work such as increasing capacity, will be included in
the basis for new design, reflect the regulations in at the time of original design, as well as the
conditions and constraints used for the design.
Over time, it is likely the personnel assigned to both the TA and the AHJ positions will change over
the course of a lengthy project. New personnel will likely not fully understand how outcomes were
reached and misunderstand the regulatory applications used in early design. This could lead to
attempts to enforce perceived regulatory requirements late in the construction process or at
commission. The use of a signed LOC normally will reduce this potential, especially if the TA takes
time to inform new AHJs of the history.
Regulation Compliance
For simplicity we can assume the TA is either planning to be compliant with the ‘regulations’, may
be non-complaint through a variety of reasons, or a portion of design is in an area not covered by
applicable ‘regulations’ Hopefully these non compliant areas or areas lacking guidance are
determined early in the design process which allows ample time to (1) develop alternate designs,
construction or operational approaches, (2) apply for regulation variances, (3) request exemption from
the ‘regulation’ based upon practical difficulties or other ‘regulation’ recognized exemptions, (4)
document jointly agreed compliance for areas that are not clear in the ‘regulations’.
To be successful in using any of these methods usually involve determining a clear understanding of
the ‘regulations’ intent and method of compliance to determine the expected outcomes. Not
understanding the method of compliance or the ‘regulation’s’ intent is frequently the most common
reason for non compliance.
Simply asking the AHJ for suggestions on how to research a question, or what is the best approach to
finding resolution can sometimes provide a speedy resolution. However, given the ever increasing
complexity of tunnels and their related systems the AHJ may not be completely conversant in the
nuances of the project or the intent of the ‘regulation’. The ‘regulations’ allow the AHJ to require a
third party expert to be brought in to provide guidance to the AHJ and can interpret the ‘regulations’
relative to the specific question. In these cases it is essential any use of outside experts is very
specific to the area of conflict within the ‘regulations’, and of course, include documentation.
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Alternate Approaches
Using a different approach to construction and operations is allowed under the regulations. In the
USA, the International Fire Code has the following language for an approved different approach
under “Alternate Materials and Methods - The provisions of this code are not intended to prevent the
installation of any material or to prevent any method of construction not specifically prescribed by
this code, provided that any such alternative has been approved. The fire code official is authorized to
approve an alternative material or method of construction where the fire code official finds that the
proposed design is satisfactory and complies with the intent of the provisions of this code, and that the
material, method, or work offered is, for the purpose intended, at least the equivalent of that
prescribed in this code in quality, strength, effectiveness, fire resistance, durability, and safety.” (4)
There is additional language in the code to specify needed research reports and allowable test
procedures necessary to support this approach.
Additionally there is language in the International Fire Code to address practical difficulties;
“ Modifications - Whenever there are practical difficulties involved in carrying out the provisions of
this code, the fire code official shall have the authority to grant modifications for individual cases,
provided the fire code official shall first find that special individual reason makes the strict letter of
this code impractical and the modification is in compliance with the intent and purpose of this code
and that such modification does not lessen health, life and fire safety requirements. The details of
action granting modifications shall be recorded and entered in the files of the department of fire
prevention”. (5)
Regulation Conflict Resolution
The process to resolve regulatory conflicts needs a clear path to a decision for the Fire and Life Safety
Committee or other combination of the TA and AHJ. The following is borrowed from PBD with
slight additions.
a. Establish safety goals, the intent, and/ or expected outcomes
b. Evaluate the condition of the occupants, structure, fire loads and other hazards, planned
operating modes, etc. in question with regard to safety.
c. Determine effective regulations
d. Define appropriate hazard scenarios
e. Establish prescriptive methods, or, performance objective and performance criteria
f. Select suitable calculation methods (e.g. computer models)
g. Develop proposed solutions
h. Select a solution that meets safety, and tunnel agency needs
i. Verify solution meets intent of the predetermined safety goals
j. Document process for resolution, alternatives considered, and agreement
We should understand although the Fire and Life Safety Committee is tasked with developing
agreements to jointly resolve regulation conflicts, this does not relieve the TA of the need to meet the
regulations if an alternative or compromise is not satisfactorily reached. For relief from the AHJ
decision, many jurisdictions have predetermined appellate processes through some form of ‘appeals
board’. In the case of the International Fire Code, the appeals language specifically mentions the
‘intent’ of the code, and equivalent methods as follows relative to an appeals board: “Limitations on
authority. An application for appeal shall be based on a claim that the intent of this code or the rules
legally adopted hereunder has been incorrectly interpreted, the provisions of this code do not fully
apply, or an equivalent method of protection or safety is proposed. The board shall have no authority
to waive requirements of this code.” (6)
Recommendation 3. – Use Legal Representation
Since there is a possibility the FLSC outcome is challenged, OR, the appellate process will be
challenged by subsequent legal proceedings, the TA and the AHJ should utilize their legal counsel to
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ensure the outcomes of these processes are legally defensible. Therefore one of the essential
outcomes of the documentation process is to provide the AHJ with a clear rational why the alternate
means and methods, practical difficulty, or other basis for a change was used. More specifically how
the intent of the regulation is being met.
Keep in mind if the regulatory conflict is not resolved in design, or very early in construction, there
may be an urgency to reach a decision on a regulation issue at the end of a project. If the TA chooses
to resort to legal proceedings to obtain an outcome favorable to their project, one question that may be
asked is how long the TA and/or the AHJ were aware of the conflict and what steps each side took to
prevent the safety problem from occurring. Being aware of the problem without reasonable attempts
to mitigate this by using the regulation alternatives may be a discussion in court.
Recommendation 4. – Develop Operations Plan Early
A key method to avoid costly and time consuming changes in structure, systems, or operations late in
the project is to develop detailed ‘tunnel operations’ early in the process, preferably as part of the
early design phase during the FLSC process of determining the effective regulations.
Early work on the details may prove challenging especially for places where tunnels are not common,
and the local expertise and AHJs are not familiar with regulations. This is more problematic with
Design-Build projects which may allow the builder a wider array of choices based upon a simple
‘concept of operations’ document which does not fully explain the intended use and the resultant
details. This lack of detail can readily result in misinterpretations of the expectations, failure to
identify pertinent regulations and ultimately more costly delays.
Recommendation 5. - Design by Regulation and for Practical Reality
The regulations usually specify a tunnel must develop an emergency response to each of several
incident scenarios, but only for a single incident at one time. However, the TA must be able to
respond to multiple emergency incidents at one time. This may be rare, yet over time this will likely
happen. For example, if a road tunnel has an accident with fire, this will commonly cause a backup of
traffic. It is common to have minor accidents occur as a result of the resultant traffic queuing.
Occasionally, this second accident becomes a full scale incident itself, i.e. another fire, physical
injuries, dangerous goods spills, etc. The tunnel operational procedures must take this possibility into
account when designing the systems, and emergency response plans. Notably the tunnel operators
must be conversant about what the systems can do beyond the initial incident. This is especially
complex when trying to decide what ventilation can be achieved with two separate fires.
Hopefully the following will provide some insights into how regulatory conflicts have been resolved.
CASE STUDIES
These very brief case studies are provided to illustrate a series of situations outside the regulations
that were addressed. Individual papers could be written on each of these, and in fact full three ring
binders were created in some cases to document the research, decision process, and outcome. Keep in
mind that in each case a clear understanding of the regulatory intent was determined first. In short,
‘what is the regulation trying to achieve?’ Sometimes, use of a consultant specializing in the
regulations, and or, the tunnel safety issue at hand was needed to determine a clear understanding in
the process of developing a resolution.
Case A- Risk Management through Regulation - The new Seattle regional LINK light rail system
design called for several kilometers of new tunnels and underground stations. As a new property
neither the TA nor the AHJs’ had experience with this level of project although many of the TA staff
were recruited for their excellence based upon their work history. Predesign process recognized
potential conflicts between ‘regulations’ and sought guidance through a formalized Fire and Life
Safety committee (FLSC) which included possible AHJ’s. Federal, State, Local regulations were
identified via FLSC AHJ investigations. In some areas, there was no clear hierarchy of regulations.
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i.e. no documented process to specify one set of regulation taking preeminence over another set of
regulations
The FLSC spent considerable time determining what possible regulations could be applied. To
achieve the AHJs needed to be educated on the construction methods and how operations would
occur. This informed everyone of which ‘regulations’ would be in force for specific applications.
FLSC recognized the unlikely possibility that a life safety incident might occur with resultant legal
proceedings. The FLSC determined the risk of not adopting the most restrictive ‘regulation’ could
result in costly legal rulings, the FLSC recommended a relative simple solution, essentially agreeing
when ‘regulations’ conflict, the more restrictive ‘regulation’ would apply. Although this proved to be
slightly more costly, this decision placed the TA on firm footing to diminish costs from possible legal
actions.
Case B – Conflict between listed and unlisted systems - The new LINK project uses an existing
Downtown Seattle Transit Tunnel (DSTT) bus only tunnel. Although most ‘regulations’ are not
retroactive, the introduction of light rail to the DSTT was, under the regulation, considered a ‘change
of use’. This change triggered using the newer, ‘regulations’ in effect at the design stage, which
included requirements for upgrades to the existing tunnel safety systems and reexamination of smoke
management, exit requirements, emergency response procedures and many complex nuances of
operational procedures.
In question were the newer requirements for Public Address Mass Notification System (MNS). There
was also a requirement for fire alarm Voice Evacuation System (VES). MNS has more restrictive
language specifying audibility performance criteria. (Intelligibility was not required at that time).
The existing speaker systems were incapable of providing the audibility but were able to meet the
VES requirements. The easy answer was to combine the systems; however, they had different
controllers. The VES system was controlled by a listed fire alarm control panel and the MNS system
was controlled by the System Control And Data Acquisition (SCADA). Per the fire alarm panel
listing, the panel was not allowed to receive input from a SCADA system to control functions of the
panel as the SCADA system did not have its own required ‘listing’. After meeting with fire alarm
control panel manufacturer, and reviewing the SCADA system communication methods and
reliability, the joint decision was to combine the two systems into a single system. This required
specific documentation, working closely with the manufacturers and resulted in approval by the AHJs.
Case C – Audible Notification -Exceeding regulation limits The decision to install new speakers
came from the need to meet minimum 15 dB level above ambient conditions. This proved to be a
technically simple task, however, due to the high ambient noise levels; the final notification dB level
would have exceeded the audible pain thresholds. The high ambient level was created by the
emergency fans located at the ends of the platform which were installed well before the newer dB
level was specified. The fans were updated to improve reliability and efficiency and reduce their dB
output, however, these changes could not reduce their dB level far enough. After reviewing the
required maximum evacuation times, as well as the smoke management CFD modeling, the joint
decision was to delay the start of the ventilation fans long enough (approximately 10 seconds) to
make the initial required voice announcement for evacuation. This needed to be carefully thought out
to ensure the slight delay for announcement would not jeopardize the maximum evacuation times in
NFPA 130. (7)
Case D– Central vs Proprietary Monitoring of Alarms Fire detection systems are required to
report alarms to the local fire brigade. The reporting can be routed in one of two ways, either via a
central monitoring company which receives alarms from properties held by a variety of owners, OR,
through a proprietary monitory station which receives alarms only from properties from one owner.
The new LINK rail system included a new LINK Control Center (LCC) which was already tasked
with controlling trains throughout the surface and elevated systems, in addition to the planned 29 km
of tunnels and underground stations.
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The overall system includes multiple station integrated fire protection and life safety systems as the
longitudinal ventilation system utilize fans from different underground stations. The decision
between having the systems monitored by a third party central station company, or ‘in house’ via a
proprietary monitoring via the LCC seemed relatively simple and has worked in favor of LINK
system.
Proprietary monitoring allows the LCC to receive the initial alarm, and by using approved Positive
Alarm Sequencing (8), to delay both the immediate evacuation and the report to the fire brigade while
they investigate the source of the alarm. When nuisance alarms occur, the train (and underground
bus) service is temporarily delayed while the alarm source is investigated by camera and staff, and in
the majority of cases the service disruption is less than 5 minutes.
Using Central Station monitoring would negate the possibility of using PAS resulting in far more full
station evacuations and unnecessary emergency responses.
Case E – Consistency across Jurisdictions – the LINK system serves three counties, and with over a
two dozen local jurisdictions (AHJs) with safety regulations. A key criterion for the TA is to have a
consistent set of regulations across all the jurisdictions from which to derive physical structures, fire
protections and life safety systems and operational procedures. A draft design criteria manual was
compiled with the expected and probable regulations as well as potential solutions. Additionally the
proposed impacts to construction costs, and operations were discussed at length. Although creation
and maintenance of this document proved challenging, the net result was a clear system wide design
that provided consistency in systems across multiple jurisdictions with separate AHJs. However, as
the regulations were updated, there were a few changes within the regulations which could have cost
the TA additional dollars, not only to install the new regulations, but, for consistency to retrofit
existing structures. These have proven to be relatively rare and have been resolved through
additional FLSC work.
Case F – Egress pathways widths- emergency applications – As a direct result of evacuation
testing in a newly constructed LINK tunnel, it was ascertained the egress path width of 610 mm as
specified in the design criteria and NFPA 130 (9), was too narrow for the emergency response
stretcher wheel widths. This led to a local regulation amendment to the regulations and the design
criteria manual for a minimum walking surface width of 762 mm, with additional language to ensure
the handrail height and standpipe outlets would not interfere with space needed to roll stretchers along
the walkway.
Case G – Occupancy loads. Early in the LINK discussion was the determination of the ‘occupancy
load’ i.e. the maximum number of people who may be required to exit from an underground station.
This number drives the number of exits and exit stair widths. NFPA 130 and other rail documents
determine occupancy load based upon train capacities. (10) Usually the total load is based upon a
combined total from a train load of people waiting on the platform and a train with crush load arriving
at that station to disembark. This calculation works in many applications due to the limits of the
platform size i.e. the platforms are no bigger than a fully loaded train. However, the International
Building Code defines occupancy load based upon the platform capacity, which may be significantly
greater than the combined load of two trains. (11)
With a higher calculated occupancy load, the exit capacity may need to be greater. The FLSC agreed
to use both methods to determine occupancy, i.e. the most conservative approach. Of interest is
neither method is complete although the IBC method accounts for a greater capacity.
Case H - Vent Fan Failure alternative - The use of large ventilation fans is a key element in smoke
management in tunnels to allow time for occupants to evacuate. The design of the DSTT system uses
14 emergency fans to provide either longitudinal flow or exhaust depending on fire location. The
initial design did not include the possible failure of one of these large emergency fans and the cost to
increase fan capacity was prohibitive. If one fan should fail during routine testing, or in an actual
emergency there was no provision or known ability to account for the loss of the ventilation capacity.
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In some cases the loss of one fan would equal roughly 50% the exhaust capacity in a station due to a
combined exhaust plenum and recirculation.
Careful analysis by the AHJ determined the potential to use exhaust capacity from adjacent stations as
part of an emergency procedure in a ‘one fan failed’ scenario. This was field tested and determined to
be a feasible alternative. The One Fan Failure operational procedures were approved by FLSC,
training was provided for the control room operators, and was inserted in the emergency operating
procedures.
Case I – Removal of Fire Listed Cable Listing - Included in the ‘regulations’ are testing agency
approval documents for equipment or assemblies which the tunnel owner/operator and AHJs rely
upon for confirmation the product will function as required. Most of these products are ‘listed’ or
‘rated’ as safe for use in a specific application by a listing agency such as Factory Mutual or
Underwriters Laboratory (UL).
During a manufacturer’s fire testing of a fire resistive electrical cable in galvanized conduit, the test
found the UL listing for a certain class of fire resistant cable was inaccurate, i.e. the cable was failing
using the same test protocols as UL. In this case the cable was intended to provide electrical
continuity for a prescribed time under a specified maximum temperature conditions inside a tunnel.
This UL 2196 cable type was specified in both NFPA 502 and 130. (13)
The failure occurred when the extraordinary heat caused one element of the interior galvanized
coating (zinc) to phase change to gas and permeate the copper conductor wrap. The zinc and copper
combined in the high heat forming brass. This conversion to brass diminished the structural integrity
of the cable and the electrical continuity was lost.
UL removed the listing for the application of this cable type for several months while additional
testing was conducted. Although many tunnel projects had time to wait while the problem was
resolved. The loss of listed life safety cable in tunnels presented an extreme challenge for projects
needing to purchase and install 2196 compliant cable immediately.
The FLSC, with significant assistance from NFPA 130 and 502 and their committee members agreed
to allow independent lab testing of an alternate method of cable, specifically stainless steel conduit
instead of galvanized conduit. This passed the same tests as UL would perform.
Case J - Two Trains In One Ventilation Zone – the latest version of NFPA 130 allows two trains in
one ventilation zone provided the occupants would remain safe. Two trains were not normally needed
given the short distance between underground stations, however the LINK TA determined it would be
necessary to use this strategy in one section of 3.2km tunnel to maintain their train headways.
However hazard analysis identified a scenario of two trains in the tunnel with a fire at the rear of the
lead train causing the train to stop. Using the planned longitudinal ventilation would expose either the
people in the front of the first train or the people in the following train.
The minimum safety goal was to ensure the use of two trains in one ventilation zone would not
jeopardize any people beyond that created by one train in the ventilation zone. After lengthy
discussions and developing more specific modeling, the minimum longitudinal ventilation
speed/volume necessary to prevent smoke backlayering was identified.
The agreed decision was to divide the tunnel into two power zones (to prevent an incident from
disabling both training) and to establish protocols to reverse the second train out of the tube to the last
station which is beyond the exhaust fans.
To ensure this was viable and to document the process the FLSC developed a 10 point list of criteria
including approving the detailed operational scenario and documenting the agreements for operations
and the need to retrofit all trains with ‘back up cameras’.
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Case K - Fixed Fire Fighting Systems on Train Platforms (deluge sprinklers) – A basic tenet of
fire safety is the use of FFFS to prevent fire spread and minimize smoke production. Under the Fire
Code, assembly occupancies such as train stations are required to have FFFS systems in nearly all
areas. Under NFPA 130, platform areas are not required to have FFFS. In this case the AHJ made a
specific amendment to the local regulations requiring the platforms and all other areas normally fitted
with FFFS to receive normal and customary application of FFFS.
Case L – Use of non approved materials - There have been cases of non-compliance that were
discovered late in the construction process or at the final commissioning. A simple, but costly
example was the use of the wrong type of water drainage pipe in a tunnel. This has occurred when a
commonly used drainage pipe polyvinyl chloride (PVC) was used in a road tunnel. PVC is
specifically prohibited inside a road tunnel per NFPA 502.
The intent of this prohibition is to prevent toxic gases that occur when the PVC is exposed to heat,
from entering the tunnel. This may seem unlikely as drainage systems are usually buried in the invert
of the tunnel, physically separated by some depth of non combustible material. However, a
flammable/combustible liquid fire could readily flow into the drainage system and ignite the pvc. The
toxic gases from the pvc could then enter the tunnel environment via the drainage openings. Failing
to understand this requirement or the TA allowing a contractor to use the PVC caused considerable
unnecessary work and expense. Requests to allow this prohibited product were denied as there was
no viable alternative provided in this ‘after the fact’ situation.
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Do modern fire and life safety standards and codes restrict
innovation in urban multi entry and exit road tunnel
design and construction?
Chris Gildersleeve & William Sherlock
Arup, GPO Box 685 Brisbane QLD 4001 Australia
ABSTRACT
Does the intention to have the fire and life safety (FLS) aspects of a road tunnel based on prescriptive
code compliance restrict required innovation in tunnel design? Modern cities increasingly are using a
multi entry and exit road tunnel routing approach to increase road traffic capacity in urban areas.
However, many road tunnel FLS standards and codes do not cater for the complexity of design and
construction that these tunnels can create. For these more complex road tunnels, a flexible,
performance and risk based approach results in superior levels of safety and reliability of tunnel
operation while achieving practical and cost effective solutions.
KEYWORDS: code compliance, fire safety, standards and codes, innovation, multi entry and exit
road tunnels, fire authority approval, fire approval process
DEFINITION AND DESCRIPTION OF TWO TYPES OF ROAD TUNNEL
Obstacle avoiding road tunnels
The historic need for most road tunnels was to provide a road transport connection between two
points, which is blocked by an obstruction, such as a river or mountain. Modern design for this type of
obstacle avoiding road tunnel, is tending to a economical repeatable twin tunnel bore approach,
created using a mixture of cut and cover, Tunnel Boring Machine (TBM) or road header/ blasting
methods, with the resultant twin bores running near parallel, with connecting cross passages at regular
intervals and the two tunnel end portals collocated near each other at both ends of the obstruction.
Urban traffic congestion relief road tunnels
Many modern urban centres have moved on to a more complicated tunnel alignment. This type of
road tunnel has underground entry and exit ramps to create in-tunnel connections up to, and down,
from existing urban road traffic routes, along the tunnel alignment. This allows inbound and outbound
traffic connections, along the route of the tunnel, as well as a connection between the two tunnel end
areas. These tunnels can allow the removal of raised highway viaducts along the same alignment.
Name

Location

North South Expressway
Cross City Tunnel [1]
Lane Cove Tunnel
AirportlinkM7
Costanera Norte Toll
Madrid Calle 30 project
M90
Tunnel Blanka

Singapore
Sydney, Australia
Sydney, Australia
Brisbane, Australia
Santiago, Chile
Madrid, Spain
Boston, USA
Prague, Hungary

Length
km
10.2
2.1
3.6
6.7
9
28
6
6.4

Number
of lanes
3
2
2
3 and 2
3
3
2
3 and 2

Entry
ramps
7
2
1
2
3
15
4
5

Exit
ramps
6
3
2
3
3
16
3
5

Table 1 List of examples of urban traffic congestion relief road tunnels
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Figure 1 North South Expressway, Singapore
DESCRIPTION OF THE EMERGING ROAD TUNNEL STANDARDS AND CODES FOR
OBSTACLE AVOIDING ROAD TUNNELS – AUSTRALIAN EXAMPLE
For the two ended obstacle avoiding road tunnels a semi-prescriptive approach is emerging including
the publication of codes and standards for road tunnels. As an example, NFPA 502 [2] is primarily a
prescriptive code that details minimum fire safety requirements and the extent of fire safety measures
is determined by one of four categories of tunnel length. NFPA502 does also recognise the concept of
‘equivalency’ and allows ‘the use of systems, methods, or devices of equivalent or superior quality,
strength, fire resistance, effectiveness, durability and safety over those prescribed in this standard.’
Australian requirements for road tunnels are defined by AS4825 ‘Tunnel Fire Safety’[3]. The
approach of this standard is to provide guidance on typical provisions that would be common in
various types of tunnels. Such an approach is reliant on fire safety engineering methodologies similar
to those described in the International Fire Engineering Guidelines, which is extensively used in
Australia for performance-based design for fire safety in buildings.
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Fire Safety Measures
Fire resistance of tunnel structures
Emergency exits/Cross passages
Maximum Distance between exits
Emergency walkway
Tunnel emergency ventilation system
Tunnel longitudinal ventilation
Location of exhaust points
Stair/cross passage pressurization
Automatic fire detection system
Linear heat detection
CCTV cameras
Fixed fire suppression system
Fire hydrant system
Redundant water supply
Fire hose reels
Portable fire extinguishers
Break glass alarm
Public address system
Emergency lighting
Exit signs
Signage with distance to exit
Radio rebroadcast
Variable message sign
Barricade/boom gate
Vehicle Automatic Incident Detection
VSD – Video Smoke Detection
Control Room (24/7)
Emergency Power / UPS
Emergency Lane
Drainage system protection
Fire brigade vehicle cross over
= required/typically required
S = sometimes required
C = conditionally mandatory

Typical Australian
design specification

PIARC

NFPA
502

AS4825
*



120m



100m-500m


○




























300m






○

C























S
S
S



○






S






S




































= not required/not addressed
○ = type of system not specified

Table 2 Fire safety measures typically specified, or recommended, in new Australian road tunnels.
Another source of reference standards is the World Road Congress, also known as PIARC. Their
reports published in 1999[4] and 2007[5] are two of the most useful for tunnel designers, providing
general design guidance that is very performance based. Table 2 above sets out the FLS measures
specified, or recommended, by various means in modern Australian road tunnels. There is often a
general requirement to comply with these minimum provisions.
ADVANTAGES OF CODE COMPLIANCE APPROACH USING FLS CODES AND
STANDARDS FOR OBSTACLE AVOIDING ROAD TUNNELS
At each design stage of a road tunnel project; the reduced uncertainty, experience gained and lessons
learnt from previous similar projects provides the following advantages:
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•
•
•
•

During project scoping and definition and business case creation – more accurate cost and
programme benchmarking using previous similar tunnels.
During initial consultations with emergency services and other approval bodies – reassurance and
experience with previous similar tunnels; whether locally, nationally or internationally located.
During tunnel bidding – known pricing and programme, based on previous similar tunnels.
During design, procurement, installation, testing and approval – simplified approach to meet the
agreed code / standard compliance approach.

Finally, the use of broadly similar FLS standards on obstacle avoiding road tunnel projects
internationally encourages a number of OEM suppliers to enter the market, compete and innovate to
produce more economical and better performing individual components.
In summary, all of these factors make a very compelling and logical case for the use of a code /
standard compliant approach to the FLS aspects of straightforward obstacle avoiding road tunnels.
However, the contention of this paper is that the various development stages of the urban traffic
congestion relief road tunnel needs a more sophisticated approach than that of a prescriptive
compliance approach for the FLS aspects of such tunnels. In each of the stages above the more
complex urban traffic congestion relief road tunnel situation, if not recognised by each party, can lead
to poor business case creation with costs escalating above budget, tunnel opening delays, unexpected
design complications, possible procurement of unsuitable FLS systems, unexpected fabrication and
installation complexity, unexpected testing and commissioning complexity and unexpected approval
difficulty and delays.
UNIQUE FLS ISSUES WITH URBAN TRAFFIC CONGESTION RELIEF ROAD TUNNELS
Longitudinal Egress Passages
The need to use Longitudinal Egress Passages (LEP’s), along the ramps to the surface shows the
comparative advantages of inter-tunnel cross passages. LEP’s may involve long pedestrian travel
distances from the deeper merges and diverges. They create a single file queue of people moving at
the speed of the person in front. Rest/wheelchair bays can be provided at regular intervals along the
LEP to allow fatigued pedestrians or those suffering from smoke inhalation to rest or get first aid.
The responding emergency services agencies need to dedicate resources to carry out a search and
rescue of people who may be stranded along the LEP. The evacuation of such people delays the use of
this route for staging and other emergency tasks. The designation of a LEP as a place of relative safety
assumes that there has been no smoke entry during the evacuation and that the LEP is fire resistant
long enough to allow people to reach the surface safely. These factors need to be considered in the fire
scenario development process.
Probability of congested traffic conditions
The probability of congested or stopped traffic conditions occurring is a significant differentiator
between the two types of tunnel. The likelihood of traffic congestion and stopped traffic in an urban
tunnel is much higher, mainly through tailbacks from congested urban surface connections, including
at traffic light controlled intersections not far outside tunnel portals. Congested traffic conditions are
potentially hazardous in a tunnel because they can compromise the opportunity for vehicles
downstream of the incident to simply drive out of the tunnel, while the operator applies longitudinal
ventilation to provide clear air conditions for evacuation of people stuck behind the incident.
This is because the smoke pushed downstream could adversely affect the safety of people in
congested vehicles downstream of the fire incident, so pedestrians may be forced to evacuate in
smoky conditions. In addition, having congested traffic backing down a diverge ramp, into the diverge
structure, poses significant additional FLS hazards.
It is critically important that the potential for congested traffic conditions is recognized early in the
design stage of a project in order provide traffic management systems to minimize the risk of
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congested traffic in the tunnel sections and to minimize associated hazards. By comparison, in
obstacle avoiding road tunnels, the tunnel itself is generally the significant traffic network
constriction, so downstream external congestion, backing into the tunnel, should be unusual.
New road safety hazards
With all road merges and diverges, on surface and in tunnel, where lane number and geometry
changes within the tunnel, poor driver behaviour at merges and last minute lane changes at diverges
are known to considerably increase the rate of traffic collisions that could lead to a significant fire
event. This is a less significant issue in simple parallel tube unidirectional road tunnels, with no intunnel entering or leaving traffic.
Geometry of merge and diverge structures
Tunnels with merges and diverges constructed as cut and cover structures, often have ‘letterbox’ type
geometric forms with flat soffits, vertical walls but varying widths. In these types of tunnels, for
constructability reasons, the flat ceiling height will exceed the minimum height required by the ramp
entry and the rectangular upper corners at the widest section of the merge create extra merge volume.
The varying width and spare height produces lengths of tunnel with a comparatively oversized cross
sectional area. This situation creates a fire hazard due to reduction in velocity of the entering
longitudinal ventilation air flow below the critical velocity needed to prevent back-layering of smoke
upstream of a fire incident. Also, the ‘letterbox’ height to width cross sectional ratio creates adverse
air flow situations. Deeper merges and diverges in rock, are often constructed using road header/
blasting methods to create arched mined tunnel caverns. At the merge and diverge sections, the
cavern’s width to accommodate the two roadways can reach 20m to 25m and for the structural
stability of the arch lining, requires a 10m to 12m clear height. Again, the comparatively oversized
tunnel cross section can create a fire hazard, due to reduction of entering longitudinal ventilation air
flow velocity below the critical velocity needed to prevent back-layering of smoke upstream of a fire
incident.
ISSUES IN USING SIMPLE CODE COMPLIANCE APPROACH WITH URBAN TRAFFIC
CONGESTION RELIEF ROAD TUNNELS – NEED FOR SPECIFIC UNIQUE INNOVATIVE
FLS SOLUTIONS
Taking as an example, NFPA 502 which is often used as a basis for road tunnel specifications, and in
clause 10.4 states “The design objectives of the emergency ventilation system shall be to control, to
extract, or to control and extract, smoke and heated gases as follows:
• A stream of non-contaminated air is provided to motorists in a path of egress away from the
fire;
• Longitudinal airflow rates are produced to prevent back-layering of smoke in a path of egress
away from a fire.”
While these objectives can work well in a simple parallel tube unidirectional road tunnels, some of the
many FLS issues arise when they are minimally applied in urban traffic congestion relief road tunnels.
Consider the following three credible fire scenarios arising from typical traffic incidents that occur in
surface roads with merge or diverge intersections. For the purposes of this paper, we will assume each
incident involves one or more fully loaded rigid roof Heavy Good Vehicles (HGV) that results in a
significant fire event. We will also assume the tunnel is equipped with a typical set of fire safety
measures as described in Table 2, including a water deluge suppression system, a longitudinal
ventilation system applied via jet fans and CCTV with incident detection monitored by an operator.
Scenario 1 – A traffic incident in a merge intersection caused by an HGV driver pulling out into
the path of a fast moving car in the left hand lane (refer Figure 2).
Upon ignition the buoyant fire plume rises to the high ceiling, entraining air, expanding, moving
downstream under the piston air movement and creating relatively large smoke volumes (compared to
a similar fire in the mainline tunnel). After a fire detection system alert, the fire incident is observed
via CCTV by the operator, who is likely to apply the default response to activate the water
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suppression system in the nearest zones and to apply longitudinal ventilation using jet fans in the
mainline tunnel.

Figure 2 Scenario 1, merge incident, non-congested traffic
The water suppression system will cool the smoke but cannot penetrate to the seat of the fire due to
the shielding effect of the rigid roof of the curtain sided HGV trailer, so the fire continues to grow and
develop greater smoke volume. As the smoke created is cooled in the suppression zone and mixes
with the water spray and may de-stratify creating a “fog”. The combined longitudinal ventilation and
piston effect achieves critical airflow velocity in the mainline tunnel and in the merge ramp but when
these airflows reach the merge structure, they rapidly slow to sub-critical level due to the abrupt entry
into over-sized tunnel cross-section at the merge join point and may then be insufficient to prevent
back-layering within the merge structure. The smoke is turbulent as well, due to the irregularity of the
tunnel geometry. So, turbulent and de-stratified smoke can be drawn upstream over the vehicles that
are stopped behind the incident.
The drivers stopped behind the incident may initially delay while deciding to leave their vehicle and
evacuate in poor visibility. Any pedestrians in the mainline tunnel will be unable to enter the blocked
nearest cross passage, so will need to move back towards the next cross passage. The pedestrians on
the merge ramp will need to evacuate back towards an exit in the LEP. These pedestrians will are
likely to be situated in contaminated air with deteriorating visibility and hence may become
disoriented. Some drivers may consider they can drive past the incident and escape down the mainline
tunnel, downstream of the incident. However, there would likely be reduced visibility, due to the destratified smoke and this could potentially cause vehicle abandonment in worse conditions.
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Scenario 2 - A traffic incident in a diverge intersection caused by a car driver suddenly
attempting to exit at the ramp from the right hand lane across the path of a fast moving HGV.
We may assume the operator response in this scenario is similar to Scenario 1. People in vehicles that
are stopped behind the incident may initially delay while deciding to evacuate their vehicles and then
have to evacuate in poor visibility (refer Figure 3). Others may decide to drive past the incident up the
exit ramp although visibility could be quite poor due to de-stratified smoke.
Smoke back-layering will likely occur over the vehicles upstream of the incident and within the
diverge structure. Clear conditions may be available in the mainline tunnel further upstream of the
incident, where critical velocity is achieved. However, when this airflow reaches the widening
diverge structure, it rapidly slows to sub-critical level due to the increasing cross sectional area and is
then insufficient to prevent back-layering within the merge structure. Pedestrians evacuating back
upstream may have to walk through a substantial length of smoke affected tunnel to reach a cross
passage and could become disoriented. For the drivers attempting to drive around the incident, there
could be reduced visibility, due to the de-stratified smoke and could potentially cause a second
unobserved collision incident. Also, these drivers would present a hazard to any pedestrians trying to
evacuate the incident.

Figure 3 Scenario 2, diverge incident, non-congested traffic & Scenario 3, heavily congested traffic
Scenario 3 - A traffic incident in a diverge intersection caused by a car driver joining the
congested traffic queue. The driver, observing that the queue of vehicles ahead is stopped,
decides late to re-join the left lane and suddenly pulls out into the path of an HGV that then
swerves into the path of a second HGV, colliding with it and starting a fire incident.
As this fire incident involves two HGV’s it could generate a heat release rate (HRR) well in excess of
50MW. The smoke conditions within the diverge structure will probably be worse than those in
Scenario 1, due to the higher HRR.
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Because of the congested traffic on the diverge ramp ahead of the incident, the operator will likely
apply a low velocity longitudinal ventilation response upstream in the mainline tunnel and will
activate the water suppression system in the nearest zones. Again, the visibility in the water
suppression zone may be poor, due to de-stratified smoke. Outside that suppression zone, there is a
possibility that the smoke layer will remain stratified but still back-layer over the upstream traffic and
may also overshoot the traffic on the ramp due to smoke buoyancy and the rising ramp soffit causing
smoke to climb the ramp. People in the congestion trapped vehicles who decide to evacuate may
decide to either walk up the ramp to the first LEP door or walk back upstream in the mainline tunnel
to a cross passage. Crossing the mainline tunnel could be hazardous due to moving vehicles
attempting to drive past the incident along the mainline tunnel.
Deduction
As can be seen by these plausible scenarios, the emergency ventilation objectives of the prescriptive
code may not be achieved in urban traffic congestion relief road tunnels, due to the complexities
arising from the nature of the incident, the tunnel geometry, the operator strategy, human evacuation
behaviour and driver behaviour. Indeed, if the design is ‘deemed to comply’ with the code, standard
or specification, by the simple installation of FLS measures and emergency responses prescribed in
the code, standard or specification, without a detailed consideration of the possible scenarios above,
then it is quite possible that all parties involved may not be aware of the more complex FLS situation
created by the in-tunnel merge and diverge structures. This situation might create a false sense that
adequate precautions had already been taken and a more sophisticated FLS design effort and
emergency response approach is not required.
Due to the variable exit and entry ramp geometry of urban traffic congestion relief road tunnels, the
additional FLS issues are often unique to each tunnel alignment. The increased risk of a vehicle
collision created by in-tunnel merges and diverges (compared to simple parallel tube unidirectional
road tunnels), plus the more difficult smoke control and emergency egress situation that the geometry
of the in-tunnel merges and diverges creates, needs a more sophisticated FLS design approach.
DESCRIPTION OF FIRE SCENARIO DEVELOPMENT PROCESS TO DIFFERENTIATE
BETWEEN THE TWO TUNNEL TYPES AND THEN DEAL WITH THE URBAN TRAFFIC
CONGESTION RELIEF ROAD TUNNELS, IF REQUIRED
The following is a proposed process to differentiate between the two types of tunnel and to confirm
the choice of fire safety measures and operational procedures advances in a transparent and logical
way. The process commences with the definition of the proposed Trial Design for the tunnel including
the relevant fire safety measures to be specified. At this time the stakeholder group should agree on a
Benchmark Design based on NFPA502, PIARC, AS4825 or a combination against which the
performance of the Trial Design will be compared.
Then possible fire hazards should be identified which will require some credible “what if” thinking
around the proposed tunnel design, likely modes of operation and use by the public, in order to
address questions such as:
• What congested traffic situations could occur in this tunnel?
• What is the local quality of HGV maintenance, e.g. brakes and level of local HGV driver ability?
• What traffic incidents could occur in this tunnel and would they lead to a fire event?
• Want could go wrong with the fire safety systems?
• What mistakes could the tunnel operator make?
• What will be the local average and extreme driver response to various types of incidents?
• What could go wrong with occupant egress behaviour?
Evidence of hazards should be sought through examination of suitable information sources such as
fire statistics (i.e. rate of tunnel fire incidents per 100 million vehicle km), fire incident reports (e.g.
Burnley Tunnel fire in Melbourne [6]), failure analysis (i.e. fault trees), experimental and research
306

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

data and analysis. All credible fire scenarios should then be screened and grouped into one of three
groups, as follows:
1. Design fire scenarios. General fire events for which all fire protection systems in the tunnel are
expected to operate to achieve an outcome acceptable to the stakeholders.
2. High challenge design fire scenarios. Fire events with unusual characteristics such as extra high
fire growth rates (e.g. due to petrol spill), badly congested/ stopped traffic, operator error (e.g. fire
suppression system not activated properly), particular system failure (e.g. ventilation system fails).
These scenarios should not result in a catastrophic outcome, such as a BLEVE or jet fire.
3. Extreme Events. Fire events beyond the worst credible that are not for design or analysis.

Figure 4 Fire Scenario Development Process
The Fire Scenario Development process described in Figure 4 is based on AS 4825 and a paper by
Johnson, Gildersleeve and Williams[7]. It is intended to give a clear, objective route to the selection
of design fire scenarios and for much improved stakeholder consultation. Unlike prescriptive code
methods, it is a transparent approach for testing the adequacy of the trial concept design solution for
the tunnel because it can incorporate the following benefits:
• Consideration of a realistic range of potential fire scenarios from say 5MW to 200MW;
• A basis for establishing approximate likelihoods for relevant fire scenarios (e.g. return period
bands from 0.1 / 1 year up to 1,000 / 10,000 years) calculated using event trees;
• A method for incorporating failure of fire protection systems into the high challenge design fire
parameters as part of a sensitivity analysis; and
• A basis for discussion of extreme events which cannot be design cases but for which tunnel traffic
entry controls, security systems or other mitigation measures can be properly evaluated.
Once the stakeholders have agreed on the selection of fire scenarios, the next step is to undertake the
Risk Assessment Process. This process involves evaluation of the appropriate design fire parameters
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including the peak heat release rate and growth rate, time-temperature curve characteristics, for the
different design fire scenarios and the tunnel occupant design parameters including expected
population numbers affected, pre-movement time, and travel times to an exit. For the next step,
comparison of Available Safe Egress Time (ASET) using occupant tenability and visibility criteria
against Required Safety Egress Time (RSET) will determine the numbers of exposed persons and
conditions of exposure in each Design Fire Scenario and each High Challenge Fire Scenario. Using a
risk index matrix method such as that provided in the ISO 31000 Risk Management Principles and
Guidelines [8] and ISO 31010 Risk Management - Risk Assessment Techniques [9], the consequences
of exposure can be categorised on a suitable scale. Similarly the likelihood of each Design Fire
Scenario and each High Challenge Fire Scenario can be categorised.
The risk indices for each design fire scenario and high challenge fire scenario applied to the Trial
Design can then be assessed and compared for similar scenarios applied to the Benchmark Design. If
any risk index is deemed to be too high, ALARP principles may be used to determine appropriate
improvements to the Trial Design. For example, an overhead smoke exhaust duct may be introduced
into the merge structure to improve conditions for evacuation and an ALARP study of extract point
spacing variation on Trial Design performance may be conducted to determine the spacing below
which further risk reduction is insignificant. As another example, a study of exit door spacing in the
LEP may conclude that a reduction to 60m from 120m would improve evacuation times to reduce the
risk index sufficiently. Re-iteration of the process of scenario testing and amending the Trial Design
continues occur until convergence to a point where all the stakeholders agree that the risk indices are
acceptable. Because the process considers probability and consequences of potential fire incidents, it
can support design decisions as a simple risk assessment. Alternatively, the outputs may be fed into a
full Quantitative Risk Assessment (QRA) or safety case as appropriate, if the authorities require.
CONCLUSION
In addition to the historic obstacle avoiding road tunnels, a new type of multi entry and exit urban
traffic congestion relief road tunnel is increasingly used in urban areas. While FLS standards and
codes offer advantages in obstacle avoiding tunnels, urban traffic congestion relief tunnels have
innovations leading to FLS issues requiring a more sophisticated approach. A new process is proposed
to identify, classify and manage these additional FLS issues using well developed risk assessment
techniques to allow achievement of practical and cost effective solutions to these issues.
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ABSTRACT
The focus of the research presented in this paper concerns the strategic direction of the measures that
are required to achieve the minimum level of safety in road tunnels as stated in the Directive from
2004. The research metods used comprise comparisons and conceptual reasoning based on statistics
and risk analytical practice. The results show that present requirements favours consequence reduction
before prevention in order to achieve the demanded minimum level of safety. It is pointed out that this
is less effective and more expensive than a more modulated or preventive strategy. The conclusions
are that the consequence-orientation may be improved upon by providing more detailed prescriptions
regarding the performance of risk analyses. It is recommended that future revisions of the Directive
on safety in road tunnels include an enhanced consideration for prevention and performance of
quantitative risk analyses. Such an initiative can be judged to demonstrate political drive and a
longterm interest in enhanced safety in road tunnels.
KEYWORD: road tunnels, safety, strategy, prevention, consequence reduction
INTRODUCTION
During several decades a considerable effort has been spent on reducing the number of fatalities and
seriously injured on the Swedish road system. The work has proven itself and the yearly number of
fatalities have been reduced from close to 600 in the mid-nineties to present numbers around 300 [1].
This investment, known as the Vision Zero Initiative, has evolved from a picture of a future where no
human beings were being killed or seriously injured in road traffic accidents.
Even though road tunnel accidents in Sweden are rare and have, so far, only resulted in very limited
consequences they have a potential to be very serious. The magnitude of these consequences are
known from the Mont-Blanc, Tauern and Gotthard road tunnel accidents of 1999 and 2001. These
accidents also contributed to the subsequent EU Directive on minimum safety requirements for
tunnels in the trans-European network [2]. After publication in 2004, the Directive in Sweden also
was followed by a law on safety in road tunnels, a national directive and the publication of a revised
edition of the Swedish road tunnel standard.
Apart from its original purpose, to secure a minimum level of safety in road tunnels, the Directive also
has provided a common basis for understanding and learning between the EU countries. This is an
important step to ensure a continuing development regarding future road tunnel safety.
NEED FOR FURTHER IMPROVEMENTS
All in all, present rules are clear about what has to to be done in order to achieve the minimum level
of safety. The prescribed measures, however, also largely rely on consequence reduction rather than
prevention to achieve that safety. That may lead to less than optimal choices in tunnel projects and
that prevention is not considered enough at any time simply because the rules set the agenda. In this
paper, the basis for this reasoning and its implications are discussed as well as an alternative approach
to safety in road tunnels is suggested.
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REQUIRED MEASURES AND RESULTING SAFETY STRATEGY – AN EVALUATION
One way to appreciate if present requirements are consequence-prone or not is to classify them
according to their respective purpose, i.e. if they are more likely to be of use before the accident
(preventive) or after the accident (consequence reducing). The list that is evaluated below, see Table
1, originates from Annex I in the Directive [2] since it also summarizes Swedish requirements.
Table 1

Classification of the required safety measures for road tunnels. The table is constructed
from Annex I in the Directive [2]. Also, note first paragraph below the table.

Required safety measure as stated in
Annex I in the Directive

Estimated main purpose of required measures

Traffic volume
Number of tubes and lanes
Tunnel geometry
Escape routes and emergency exists
Access for emergency services
Lay-bys
Drainage
Fire resistance of structures
Lightning
Ventilation
Emergency stations
Road signs
Control centre
Monitoring systems
Tunnel-closing equipment
Communication systems
Power supply and electrical circuits
Fire resistance of equipment

Prevention
X
X
X

Consequence reduction

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Apart from the required measures, the Directive also offers instructions regarding a number of key
features that should be taken in to account, including a recommendation that a risk analysis should be
executed. The key features comprise, by example: information regarding the tunnel structure, the road
conditions, the traffic situation and the access time for emergency services. Regarding the risk
analyses there are, however, no further details regarding how they should be performed or aimed.
The result of the classification above indicates that present requirements is consequence-prone and
therefore supports a consequence-oriented safety strategy. It seems unlikely that re-classification may
alter this conclusion, even if Table 1 appears rough. Also, no alternative routes towards enhanced
safety is supported since there is no detailed presciptions regarding the performance of risk analyses.
The consequence-orientatation can be judged to be an inheritance from the work with general road
safety where it has a long history and also has proven quite effective. It also can be judged to be easier
to communicate the safety value of consequence reduction since fire fighting equipment, evacuation
and access routes easily can be demonstrated wheras the safety value of prevention not is easy to
demonstrate. Typical examples of consequence reducing measures for road traffic are:
─
─
─

The Swedish law on use of seat-belts in cars
Air-bags as standard equipment in cars
Construction of roundabouts in road crossings

Preventive measures, by example restrictions regarding tyre condition, speed limits, distance between
cars, passing or overtaking and sobriety generally appear more difficult to enforce. However, a more
recent generation of preventive measures have shown that there still may be more to do, by example
the anti-lock braking systems in cars and the concept with collision-free roads.
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PREVENTION AND CONSEQUENCE REDUCTION – PROS AND CONS
Since both preventive and consequence reducing measures are important for the achieved, total, safety
it is necessary to notice how they exercise their influence more precisely in order to evaluate the
implications of the different approaches. Below, that is elaborated based on the “bow tie” model in
[3]. See Figure 1.

Figure 1

The “bow tie” model applied to tunnel accidents with fire and smoke. Based on [3].

The “bow tie” model is built around the different stages of an accident, where the accident is seen as a
nodal point between the causes and the effects. Both sides of the bow tie contain points of action that
can influence events before or after an accident, the causes to the left and the effects to the right. The
arrows represent lines of defence.
In a preventive safety environment the occurrence of accidents generally not is accepted. However,
accidents do happen. They may be evaluated according to the following:
•

If the accident does not happen, the strategy is saving lives. The execution of a risk assessment
may, however, be needed for guidance regarding what measures to implement.

•

If the accident does happen, the strategy has failed or the level of acceptable risk is too generous.
However, preventive action will always contribute to a declining number of accidents.

In a consequence reducing safety environment the occurrence of accidents generally is accepted. As in
preventive environments accidents do happen. They may be evaluated according to the following:
•

If the accident does not happen, the strategy has failed. The execution of a risk assessment may,
however, be needed to prevent unnecessary spending of funds.

•

If the accident does happen, the strategy may save lives. After the accident, it may however prove
necessary to consider preventive measures in order to prevent the accident to happen in the future.

The consequence-orientation of present requirements can be percieved as an acceptance of the
occurrence of accidents in tunnels. That may deviate from what should be communicated. The
consequence-orientation also fails to stress the long term interest in reducing the probabilities for
accidents in tunnels. In practice, and since accidents also happen in preventive environments, there
has to be a balance between prevention and consequence reduction. There also has to be a criterion
that expresses what level of safety is safe enough. The fulfilment of the criterion and the balance
between prevention and consequence reduction can be decided through the execution of quantitative
risk analyses.
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ACCIDENTS ON OPEN GROUND ROADS AND IN TUNNELS – A COMPARISON
The various types of accidents that can occur on open ground roads and in tunnels are basically the
same. If “the accident” is defined as “the instant when control of the vehicle is lost”, these types are:
─
─
─

Accidents involving single vehicles
Various types of collisions
Fires

For all these three types of accidents, the potential consequences vary depending on whether the
accident occurs in a tunnel or not. It can be concluded that the potential for very serious consequences
is enhanced in tunnels compared to roads on open ground. That is mainly due to the physical
restrictions provided by the tunnel itself. More precisely, the enhanced risk in tunnels is due to the
increased complexity of the problem-at-hand to solve in tunnels in case of an accident compared to
that on open ground. Some of the most important are:
─
─
─
─

Stay or leave the vehicle
Stay or leave the vehicle and the road (tunnel)
Avoid to involve other users
Accessability and safety for the rescue services

It can be concluded that accidents in tunnels have an increased probability to escalate to something
more serious than what is defined by the intital injury compared to open roads. This is pronounced at
its most with regard to fire scenarios. The probabilities for accidents in tunnels, however, can not be
seen to deviate significantly from the probabilities for accidents on roads on open ground.
RESPONDING TO THE RISK PROFILE IN TUNNELS
If road and rail traffic accidents are compared, it can be found that road traffic accidents generally
tend to result in less serious consequences than rail traffic accidents. It can also be found that road
traffic accidents tend to occur more often, with the end result that road traffic can be considered to be
less safe than rail traffic, see Figure 2 [4].

Figure 2

Number of killed persons in the EU 15 per 1 000 million passenger-kilometre (pkm) in
road and rail related accidents respectively. Based on [4].

As seen in the previous section, accidents in road tunnels are more likely to result in very serious
consequences than accidents on roads on open ground. This makes road tunnel accidents more similar
to rail traffic accidents than to road traffic accidents and, thus, it exposes a diverging risk profile
between road tunnel accidents and road traffic accidents. This suggests that road tunnel safety may
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benefit from employing a safety strategy that is more similar to that of rail traffic than that of road
traffic since rail traffic is one of the safest available means of transportation.
The safety strategy that has been employed to ensure and improve the safety of Swedish rail traffic is
mainly preventive. This is also valid for other EU countries. The founding reason for this originates
with the experience that rail traffic accidents can escalate to very serious consequnces and that
accident allowance reduces the possibilities to stay in control of the possible escalation of events. The
degree of prevention therefore also is reflected in the predictability of both safety and total cost of
safety. All in all, this explains why preventive strategies are, more or less, standard in environments
where accidents have a potential to escalate to very serious consequences.
Even in the safest of transportation systems, however, it does not appear possible to avoid human
suffering and financial loss altogether. It is, however, possible to minimize the number of people who
are affected by accidents through prevention. Consequence reduction can never achieve that since it
pre-supposes accidents to happen. It can, however, minimize the suffering of the people involved.
Since developing societies have to balance the need for continuously safer transportation systems with
available funding, it also has to define a reasonable balance between prevention and consequence
reduction. Quantitative risk assessment can provide the necessary support in that process.
AN ALTERNATIVE APPROACH TO SAFETY IN ROAD TUNNELS
During the last 15 years, Swedish rail traffic has targeted their work on safety in tunnels towards a
defined “Safe Enough” level by means of quantitative risk assessment [5]. Since the experiences are
positive, and the concept has been deemed feasible for road tunnels, it is described below.
The criterion is developed from a risk matrix, constructed with the support of data from 10 years of
rail traffic and accident data, knowledge of the share of tunnels on the track system. In the matrix, the
yearly number of accidents are plotted against their respective consequences, see Figure 3. The
accidents are structured from a catalogue comprising the following three basic types of accidents:
─
─
─

Derailment
Collision
Fire

Accidents with hazardous goods are excluded since they involve causes beyond the rail specific.
Legend, colour of letters:
Black: accidents on open track structured according to the
catalogue of accidents, based on the official accident
statistics.
Grey: accidents in rail tunnels structured according to the
catalogue of accidents, assessed from the official accident
statistics.
Legend, letters and indices:
Up: derailments, passenger trains
Ug: derailments, goods trains
Kt: collisions, train - train
Kö: collisions, train - other object
Bp: fires, passenger trains
Bg: fires, goods trains

Figure 3

Risk matrix showing the risks in Swedish rail traffic including tunnels. Based on [5].
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Since there are no tunnel-related accidents in the statistics, the probabilities for accidents in tunnels
are assessed on a national basis according to the share of tunnels on the rail network as a whole. The
consequences are assessed on basis of the increased difficulties with evacuation and rescue in tunnels
compared to open ground.
The safety criterion is built around the following three types of scenarios who dominate their
respectice class of consequence. They are:
1. Level rail crossings accidents, resulting in a few casualities and statistically shown to occur on
tens of occasions on a yearly basis.
2. Train collisions, resulting in several casualities and statistically shown to occur on very few
occasions during a 10 year period.
3. Train collisions in tunnels, resulting in many casualities and assessed to occur on very few
occasions in a 1 000 year perspective.
As can be seen in Figure 3, the scenarios are placed along a fictive straight line. All scenarios along
this line co-exist on the same level of risk, but with consideration to the various probabilities and
consequences. The line also represents the level of risk on which present safety work is being
executed, including what can be expected in tunnels. The line therefore defines the present safety
criterion, including tunnels. With adaptation to traffic volumes and focusing on 1 kilometer of the
track, the following “Level of Ambition” has been ruling since 1997, “see Figure 4.
Level of Ambition:
Rail traffic per kilometer in tunnels shall be as safe as rail
traffic per kilometer on open ground, level rail crossings
excluded.
Legend, risk matrix:
White: the level of ambition is achieved. Secure and
follow up by continuous monitoring of changes, incidents
and safety measures.
Light grey: the risk level is comparable to that of rail
traffic on open ground. Evaluate further measures and
additional safety.
Dark grey: the level of ambition is not achieved
(unacceptable risk). Re-evaluate the safety concept and the
need for safety enhancing measures.

Figure 4

The level of ambition to achieve for Swedish rail traffic in tunnels. Based on [6].

The figure shows the original form of the criterion, expressed as a risk matrix. Presently, it co-exists
with both risk diagrammes and f/N diagrammes, both offering more precise gradings. Due note of
adherent uncertainties is however taken in all applications. The graphics also are accompanied by the
following verbal expression:
Rail traffic per kilometer in tunnels shall be as safe as rail traffic per kilometer on open ground,
level rail crossings excluded.
In the analyses the need for further safety enhancing measures beyond minimum requirements is
evaluated depending on whether they meet the “Safe Enough” level or not. When additional safety
measures are necessary, it is prescribed to chose preventive action before consequence reduction.
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Since the described rail tunnel safety concept has proven feasible for implementation into a road
tunnel context, a proposal on this presently is being prepared. As with the rail tunnel criterion, the
road tunnel study uses the national traffic accident register comprising accidents reported by the
police for a sound basis regarding single vehicles accidents and collisions. As for fire, a different
approach has proven necessary since fires do not usually qualifiy as accidents and need police
presence. Instead, the national rescue services register is being employed since the typical scenario is
that the rescue service is phoned by the driver after the fire is discovered and the vehicle stopped at
the road-side. Thereby, the work has exposed a risk factor with regard to tunnels that only appear to
have been studied to a limited extent. So far, data indicates a frequency of 1 – 2 vehicle fires per day
on a national basis.
CONCLUSIONS
The work presented in this paper shows that present requirements regarding safety in road tunnels is
more prone to consequence reduction than prevention. It therefore supports a consequence-oriented
safety strategy. Since the consequences of road tunnel accidents have been experienced to be
significantly more severe than those of road traffic accidents in general it can be stated that:
A consequence-oriented safety strategy is not the optimal choice for road tunnels even though it
may be reasonable effective with regard to road traffic in general.
The main problem with the consequence-orientation in road tunnels have been found to originate from
the acceptance of the occurrence of accidents. Instead, it has been deemed feasible to adopt a safety
concept that does not accept the occurrence of accidents and therefore also is more preventionoriented. Since a concept suitable for adaptation already exist, and have been practiced for Swedish
rail tunnels since 15 years, a proposal on this is presently being prepared. The main advantages are:
─

It provides a national target that states what level of safety is safe enough for both tunnels and
roads on open ground and that is aligned to present safety work.

─

It demonstrates political drive since it implies a decreased tolerance for accidents in road tunnels
and a long term interest in reducing the probabilities of tunnel accidents.

─

It adds moderation to cost increases in construction projects since preventive action reduces the
number of accidents and therefore also the need for consequence reducing measures.

─

It offers an alternative view on how road traffic accidents in general can be percieved since it puts
them in a context where the consequences are more severe and the consequence spectre wider.

To adopt a rail traffic safety strategy for road tunnels has been deemed as sound since it exploits the
higher safety standard of rail traffic and takes advantage of the fact that road tunnel accidents are
more similar to rail traffic accidents than road traffic accidents in general.
The overall challenge with an enhanced preventive approach to road traffic safety in tunnels is
enforcement. In order to make progress, however, it is first necessary to provide a tangible incentive
that promotes preventive thinking. Presently, that is not the case since:
The safety value of preventive action cannot be appreciated unless a quantitative risk analysis is
performed and, preferable, aimed towards a defined safety target.
In practice, an enhanced preventive focus in road tunnels is restricted to reduce the probabilities of the
three defined, main, types of accidents: single vehicle accidents, collsions and fire.
Since the main risks with single vehicle accidents mainly concern collisions with objects in the tunnel
or traffic obstruction, they can be prevented in a similar way as collisions. Means to achieve that may,
for instance, be by:
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─
─
─
─

Only allowing one-way traffic in each tunnel
Requirements regarding physical barriers between lanes
Restrictions on speed-limits, distance between cars, overtaking, passing and lane-shifting
Different fine tariffs in tunnels

Some of these measures may need supporting technologies and/or monitoring.
With regard to fire, the adherent probabilities may be reduced by, for instance, the following:
─
─

Requirements and recurrent inspection of vehicles regarding fire safety on a national basis
Requirements regarding fire safety in new vehicles

The first concerns the condition of vehicles already in use and the second the construction of future
vehicles. Both may benefit from extended co-operation with car-construction companies.
To bring about a more prevention-oriented focus and state more strict requirements appears feasible.
So does an extended practice of quantitative risk analyses. Since the first more or less pre-supposes
the second it, however, may be a palpable challenge put together. The bottom-line therefore may be:
If safety in road tunnels is of such societal value that it can be deemed important enough to
realize the enhanced pro-activeness that prevention implies and what it brings about.
RECOMMENDATIONS
Based on the work presented in this paper it is recommended that future revisions of the Directive
regarding safety in road tunnels will:
1.
2.
3.
4.

Offer extended space to preventive measures within the scope of the planned work.
Recommend the member states to expand the use of quantitative risk analyses.
Provide a more detailed guidance regarding the performance of quantitative risk analyses.
Encourage the member states to establish national safety targets.

These actions will demonstrate political drive, reduced tolerance for accidents in road tunnels and a
long term interest in a positive future development regarding road tunnel safety.
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INTRODUCTION
Building tunnel installations has been done for many years. In the Netherlands, the process of
designing a tunnel became very strict the last decennia. Three years ago, we changed the way of
working and switched from a traditional and document driven to a model based driven approach to
improve the design quality and the design process. Model based systems engineering is not a new
phenomenon. Applying this for the design of tunnel technical installations is never done before in the
Netherlands. In our search we started from scratch, adopted and combined industrial standards to
define an approach for designing tunnel technical installations. Our goal was: achieve standardisation,
reduce error on verification and validation, reduce developing time, and increase the quality of the
design process.
BOTTLERNECKS IN DELIVERING TUNNEL PROJECTS
In the Netherlands recent tunnels were opened after long time of delays and budget overruns [5].
Our first tunnels are considered as civil constructions without a control system. The systems were not
developed according to a top-down or integrated approach with the focus on safety.
Problems with verification and validation of the requirements for tunnel installations were the main
causes. Traditionally, the design of a traffic and tunnel technical system is a requirements-centric
activity. Several working disciplines such as ICT, mechanical engineering, and electrical engineering
working together on the same products. The traceability of requirements is essential. Due to the large
number of requirements and documents the decomposed system with its cooperative parts are not
traced very well. The result is: verification leaks. Therefore it is hard to proof that the correct answer
(solution) is given on the question (specification). A clear structure in the design documentation is
necessary. The traceability between both the design elements and requirements is too often a missing
link and causes a mismatch in validation. Relations between requirements and design elements are not
strict documented. Too often they are only recorded in separated tables. It was hard to proof from
tables that the solution fits the requirements and delivers a tunnel system that operates as expected.
This causes a mismatch in the validation. Changes and issues that arise during the engineering process
could not always propagate through the system parts, because a lot of disciplines are involved which
have their own way of working.
The different engineering disciplines within the project using different perspectives of the
design. These perspectives are specific for each engineering discipline. It is too complex to create all
these perspectives in one design. In addition, the allocation of the requirements to the technical
installation and the monitoring of the consistency of the requirements seems a difficult but necessary
activity. By using a model based systems engineering approach, we enable a solid structure in the
system analysis and system design. The models provide us the opportunity to analyse the tunnel
technical installations more extensively and involve all the interrelated disciplines to cooperate.
Decisions are often postponed to a lower level of design, but pros and cons are not trivial. Engineers
working at a lower level have to do additional work on top of the regular work.
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Previous developments mean that requirements in the contracts differ significantly compared to the
past. The monitoring of the implementation of the requirements has been changed to process. The
relationship between requirements has not been fully developed. Rijkswaterstaat as well as the market
players cannot draw on previous experience.
SUCCESS WITH MODEL BASED SYSTEMSENGINEERING
On top of the systems engineering approach we added a model based approach which fits within a
model based systems engineering approach to ensure a consistent, traceable and provable integrated
system design.
To overcome the requirements traceability, we redefined a requirements engineering process which
incorporates the requirements traceability and requirements management. The requirements flowdown, the deriving of the requirements and the requirements traceability are defined. This is not yet a
major leap.
The system design changes completely. The system design consists of several coherent models. One
overall model will be too complex to design the complete system and its decomposed subsystems.
Because of the multi-discipline design aspects, the stakeholders have several points of interest. A
view represents the system from the stakeholder’s perspective. The collection of all the views defines
the total system architecture of the tunnel technical installations. The system design consists of system
models and a system model consists of model elements. The two most important views – in this paper
- are the static and dynamic view. In the static view, the decomposition of the system to the
installations such as ventilation and components such as ventilator is designed, including the
interfaces. Ventilation is decomposed in software and hardware components which are differentiated
to ventilators, sound and vibration sensors, thermistors, switches and drivers etc. The dynamic view
proofs that the collection of the decomposition – including the interfaces – work together correctly.
Data and commands are shown respectively via state transition diagrams and sequence diagram. The
integrated system design shows the correct working parts together.

Figure 1 Three views on the system
Requirements and model elements are fully traced to each other. Requirements trace to requirements
and design elements, and the design elements trace to design elements and requirements. This explicit
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way of tracing between both the requirements and the design ensures a clear verification process. The
modelling tool supports the trace between the requirements and model elements. In this way we proof
that we design the right system. De system model guarantees the consistency between the
requirements and design elements. We demonstrate that the traceability of requirements and to the
design is secured
Processing the changes becomes much easier when both requirements and design elements are traced
together explicitly. Via an impact analysis it becomes clear which part have to be adjusted.
The system design is a holistic collection of system models which is inherent consistent. The
approach fits within the documentation standard (J-STD-016, [3]), which is a documentation standard
for recording systems engineering documents systematically. We create the possibility of several
design perspective for different disciplines such as static structure and dynamic behaviour. How do
we know which models are required? A view is derived from the stakeholder point of interest. Each
stakeholder has specific concerns he want to control. The most critical concern of our clients is: the
integral behaviour. A scenario like handling an accident in the tunnel can be modelled from a
functional perspective with activity diagrams (to design the dynamic behaviour of the system
components). To proof that the system parts working together a sequence diagram is used. The
combination of these models proof that the system parts have the right interactions, works together in
the right way and supports the scenario for the integrated design.
We combined two industrial standards to create the views in a defined way: IEEE-1471 [4] and
Zachman framework [2]. The IEEE-1471 [4] helps by identifying the required views for a project.
The Zachman framework [2] gives a total overview of system models for the complete enterprise. We
combine this theory and create the framework with models than can be used in tunnel projects. Using
this framework, we know which models we have to design including the cross relations.

Figure 2

Zachman framework

By using the modelling language SysML [6], design decisions cannot be postponed anymore when
using natural languages for recording the designs. The systems models are described in the visual
modelling language SysML. SysML is developed to describe systems. SysML is a language with a
strong type rules. It is not possible playing false. It is adopted by the international systems engineering
institute (INCOSE, www.incose.org). It is not possible to delay decisions because the model should
be created unambiguously. By making use of a modelling language decisions have to be taken
because it is required for modelling. For example, which component generates a trigger and therefore
which components have an additional interface. Also in this case, the ambiguity of natural language
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plays an important role.
A NEW DESIGN PROCESS
Performing new projects becomes easier when you do not have start from scratch. Projects can be
performed in a repeatable way. We support a standard design process. This process is documented and
is part of an audit.
The basic information – such as requirements and the solution - of the model is available before the
start of a new tunnel project. Approximately 75% of the design is already available including the
quality. The reusable model contains a significant part of the solution. A modelling tool should be
available and the people involved should be familiar with model based systems engineering. The
design team reuses the standard system models from the design repository which are primarily based
on the Zachman framework [2]. This is the basic library with requirements and design elements.
Basically, all the essential models will be used. Figure 3 shows an overview of the new system design
process.

Figure 3
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Action 1: preparation
During the preparation we define the scope and vision of the project. The business drivers and the
derived architecture drivers will be identified. The required skills for the model base system
engineering approach will also be verified. All the required input will be collected.
Action 2: analysis
The second action is to analyse the additional work. By performing a stakeholder analysis, one or
more additional new views can be identified. A risk analysis can also result in an additional view.
Based on our experience, this will be restricted. Views from the catalogues that are not needed for the
project can be excluded.
Action 3: create new view (optional)
The third action is to create the new views and adjust other views if necessary. Project specific
information will be added to the requirements and models. All changes will be traced. The system
model is design in a way that project specific adjustments can be visualised.
Action 4: adjust system models
The fourth action is adjusting the reusable system models. Based on the Zachman framework [2], the
systems models that must be changes should be adjusted. The most important models are: the
requirements model, the static model, the dynamic model, and the instantiation model. See Figure 1
for the overview.
Action 5: quality control
The fifth action is performing a quality control. The standard validation rules within the modelling
tool checks the consistency of the model and ensures that all elements are traceable. The validation
rules perform quality checks of design. This means that e.g. the balance of the decomposition is
checked (same level of detail). Some statistics such as the coverage rate of the static structure by the
dynamic behaviour is determined. Validation rules can be added after discussion with the client about
the acceptance criteria.
Action 6: generate documents
The sixth action is generating the design documents from the modelling tool. The modelling tool
contains document templates which are based on the J-STD-016 [3] document standard. The required
information such as requirements, design decisions and diagrams are generated in reports.
Action 7: baseline
In the seventh action, we make a baseline of the requirements and the design model in the repository.
During the design process, all actions may have an interaction with the requirements. The
requirements may be checked, verified, traced or designed. When ready, additional experience
becomes part of the repository. A new step is the evolution will be possible. If we are not ready an
additional cycle will follow.
CONCLUSION
The use of model based systems engineering in the design of tunnel systems improves the quality of
verification and validation. The large amount of requirements and solutions are handled more efficient
than before. A modelling tool performs the traditional manual actions any time you want.
The model based systems engineering approach incorporate an explicit trace from requirements to the
design. From the perspective of completeness, all requirements are checked whether they are covered
by design elements. At the same time, all design elements trace to one or more requirements. These
checks are not a manual action.
The modelling tool contains a set of standard validation rules. These rules check if all requirements
trace to (parent) requirements or design elements. The trace that all the design elements trace to other
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design elements (decomposition) or requirements will be performed too. In dialogue with our clients
we designed some other validation rules to guarantee the correctness of our model. Model based
systems engineering improves the traceability of requirements to the design. Model elements do
always have a source and/or destination, so they are always traceable.
Processing changes are controlled in a traceable way. It is part of a mechanical check (rules). The
multiple views improve the access for a large public. It is an unambiguous way of capturing design.
This method forces to a certain extent that ambiguities, questions, and decisions in time and will be
obvious.
The introduction of model based systems engineering changes the design process fundamentally. But
introducing this should be done in small steps.
The basic of the system model is reused for each new project. Therefore the quality of the model
increases during each project. The basic model is available in the repository which will be reuse for a
specific tunnel project. Before starting a project, almost 75% of the works is already done and the
quality is known in advance. Approximately 75% of the tunnel projects are the same. Also the quality
is known in advance. The effort on verification and validation comes available again when starting a
new project.
The spin-off is a reusable system model which can be applied on new projects.
DISCUSSION
We have experience with the model based approach in the Netherlands with four tunnel project. Two
new tunnels are coming-up. We will discuss the trends of the model based approach in these projects.

Figure 4

Evaluations and trends

To get insight in the quality of the design, we did research on quality aspects together with the
technical university Delft [7]. We collect measurements and calculate statistics to improve the quality
of the design.
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We will explain in more detail how we came to a set for reusable system models and how to use
reusable system models. Synchronising the models between projects will also be an item. Last but not
least, introducing a new phenomenon into an organisation always give discussions.
FUTURE
We will evolve our model based system design the coming years. We will do some additional
research to improve our model and add value to our client. Important item are: design quality,
visualisation and simulation.
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ABSTRACT
Scale models have been, and are still used to study various phenomena related to tunnel fires.
However, whether they are really representative of full-scale phenomena is often debatable. In this
paper, two of the main parameters which may differ between a real tunnel and a scale model are
investigated: the momentum/buoyancy balance in the source and the heat losses at the walls. The
influence of these parameters is studied in the simplest possible configuration, i.e. the longitudinally
ventilated tunnel. The output variables are the backlayering length and the critical velocity. Two
geometrically similar scale models have been used, one using a hot jet as the source, the other using a
light gas (air-helium mixture). Configurations with and without heat losses can therefore be directly
compared.
CFD simulation is also used to reproduce the simulations. Upwind flow of smoke from a tunnel fire is
generally considered difficult to reproduce numerically; the set of precisely controlled “hot” and
“cold” experiments allowed more precise identification of the phenomena CFD codes struggle to
predict accurately in such cases. It is found that accurate reproduction of the backlayering length is
possible, but requires very accurate input data that is unlikely to be available in practical cases.
KEYWORDS: backlayering, CFD, heat transfer, plume Richardson number
OBJECTIVES OF THE STUDY
Scale models are a popular tool for the scientific investigation of tunnel fires. The low cost, high level
of control over the experimental conditions, absence of major safety issues and wide range of
available measurement techniques compared to full-scale tests make them a very attractive solution
for the in-depth study of the physical phenomena which take place during a fire. However, good
control over the experimental conditions often means using a source which is not an actual solid, or
even liquid fire. Light gas jets (using heated air or species which are less dense than air) are one
solution which has the advantages of cheapness, very good control and complete absence of safety
constraints in the laboratory.
Light gas jets are characterised by their buoyancy flux, which is related to the heat release rate of the
simulated fire. However, a given buoyancy flux can be achieved through an infinite number of
combinations of the density and volume flow rate; and the flow rate itself can be obtained with
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various values of the source area and injection velocity. The buoyant plume can therefore be “lazy”
(i.e. buoyancy-dominated) or “forced” (momentum-dominated), and the type of plume which is the
most representative of real fires is not obvious and may depend on the type of fire under
consideration.
The first objective of this study was to assess the influence of the source characteristics, summarised
here by Γs, on the behaviour of the smoke flow, especially regarding the upwind propagation of
smoke (backlayering). The second objective was to compare “cold” and “hot” experiments to
highlight the influence of heat transfer on the same phenomena. The numerical reconstruction of the
experiments allowed a more quantitative evaluation of the thermal phenomena and would hopefully
provide new information about the capabilities of the CFD method itself. Indeed, CFD simulation of
the backlayering phenomenon has often been regarded as difficult, and the present study could assess
the influence of various sub-models on CFD performance, especially heat transfer modelling, with a
direct comparison to experiment for the various cases.
DESCRIPTION OF THE SCALE MODELS
The two scale models used in this study are very similar geometrically, representing roughly a twolane cut-and-cover road tunnel with a scaling factor of 1:25. Both use a light gas jet to simulate the
fire source, from a circular hole in the floor, on the longitudinal axis.
The scale model located at LMFA in Lyon uses a hot air jet. The 15 kW heater can generate
temperatures up to 500°C. The actual heat flux in the jet is up to about 1.5 kW, which would scale up
to about 5 MW in a full-scale tunnel. The limiting factor is the size of the source rather than the power
of the heater; using the same fixed source size with higher heat fluxes (with a temperature limit of
500°C) would restrict the study to momentum-dominated plumes. The model can be tilted to simulate
sloping tunnels, although this possibility was not used in the present study.
The “cold” scale model in Marseille uses an air-helium mixture to create the buoyant jet. The
simulated heat release rates are in the same range as on the Lyon model, the limiting factor being
mostly the helium supply here. Since there are no constraints linked to heat-resistant piping and
thermal insulation, the source diameter can be adjusted more easily than on the “hot” model. The
absence of high temperatures also makes it easier to seed the injected mixture with oil droplets in
order to use visualisation and measurement techniques such as Particle Image Velocimetry (PIV).
A more detailed description of the scale models can be found in [1].
These two models therefore allow direct comparison of identical cases with and without heat losses at
the walls. Studies found in the literature are generally not comparable to each other this easily since
more than one parameter differ between two given models (scaling factor, type of source, thermal
insulation, etc.).
A generic sketch of the models with the main experimental parameters is given on Figure 1.
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Figure 1: Generic sketch of the scale models. L is measured using a laser slice on the “cold” model and
thermocouples on the “hot” model.

Dimensional analysis
The problem depends on the following variables:
•

Geometry: the height of the tunnel H, its width w and the source diameter D;

•

Flow: the kinematic viscosity of air ν, the ambient density ρ0, the source density ρs, the
ventilation velocity U and the source injection velocity Ws;

•

Heat transfer: a non-dimensional heat transfer parameter χth, which cannot be controlled by
the experimenter.

It is assumed that the problem is independent of the total length of the tunnel and that molecular
diffusion and thermal conduction within the gas have a negligible effect.
According to the Vaschy-Buckingham theorem, the non-dimensional output variable L/H depends on
six non-dimensional numbers. These can be chosen as: the plume Reynolds number 𝑅𝑒𝑠 =

𝑊𝑠 𝐷
,
𝜈

the

non-dimensional source diameter D/H, the non-dimensional ventilation velocity U/Ws, the density
ratio ρs/ρ0, the non-dimensional heat transfer parameter χth and finally the Richardson number of the
plume, which compares the effects of buoyancy and inertia in the flow: 𝑅𝑖𝑠 =
𝜌0 −𝜌𝑠
𝑔
𝜌0

𝑔′𝐷
,
𝑊𝑠2

where 𝑔′ =

is the reduced gravity. The Richardson number is normalised using the following definition of

the “plume function”:
Γ𝑠 =

5 𝑔′𝐷
16𝛼 𝑊𝑠2

where α is the entrainment coefficient into the plume, approximately equal to 0.1 [2]. A plume with
Γ𝑠 = 1 has the same asymptotic behaviour (infinitely far away from the source) as the theoretical
plume from a point source of buoyancy only [2]. Γ𝑠 < 1 corresponds to a forced (momentumdominated) plume, with the limiting case Γ𝑠 = 0 corresponding to a non-buoyant jet. Γ𝑠 > 1
corresponds to a buoyancy-dominated, or “lazy” plume.
It is assumed that the plume Reynolds number is high enough for the problem to be independent of it.
All geometric parameters are fixed. Under these assumptions, the problem may be described as:
𝐿
𝑈 𝜌𝑠
= 𝑓 � , , Γ𝑠 , 𝜒𝑡ℎ �
𝐻
𝑊𝑠 𝜌0
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The density ratio can be related to the temperature ratio for the “hot” scale model, using the ideal gas
law: Ts/T0 = ρ0/ρs.
EXPERIMENTAL RESULTS
Influence of the plume Richardson number
In all experiments, it was found that an increase in Γs, with all other non-dimensional variables
constant, caused a significant increase in backlayering length at a given value of U/Ws, or
equivalently, an increase in the non-dimensional critical velocity Uc/Ws [1]. Noting that for a given
source diameter and gas temperature, the buoyancy flux is proportional to Ws, it can be concluded that
the backlayering length and the critical velocity are increasing functions of Γs for a given buoyancy
flux. In a tunnel fire situation, very high buoyancy fluxes probably correspond to more forced plumes
because the geometry of the fire source is constrained and flame temperatures are limited to about
1350°C. This may, at some point, offset the increase in critical velocity due to the higher buoyancy
flux and explain why the critical velocity tends towards a somewhat constant value for very large fire
sizes.
The backlayering length also tends to become less sensitive to the ventilation velocity when Γs
increases.
Influence of the heat losses
The comparison between critical velocity measurements on both models shows that the critical
velocity is not very sensitive to heat losses [1].
On the other hand, when backlayering occurs, the length of the upstream layer differs significantly
between the “hot” and “cold” models. This suggests that the backlayering length is sensitive to heat
losses. Since the heat losses on the “hot” model could not be quantified experimentally, it is not
possible to go beyond these qualitative conclusions without the help of numerical simulation.
THE NUMERICAL MODEL
The experiments were simulated on a numerical model of the “hot” scale model. The ANSYS CFX
CFD package was used. The computational domain was 6 m long (2 m upwind of the source, 4 m
downwind). The solid walls were modelled using different thermal properties for plaster and glass.
The structured hexaedric mesh consisted of 120,000 fluid cells and 80,000 solid cells; the edge length
of the smallest fluid cells (around the source) was about 3 mm. A finer grid size was tested, showing
no significant differences. The computations were steady-state, which allowed to simulate a large
number of experiments. Test runs in transient regime showed negligible differences in the results.
Some steady-state calculations did not converge and exhibited an oscillatory behaviour whose origin
was unclear.
The critical velocity was not evaluated by numerical simulation because the only way to do so
accurately is to run a large number of cases and find the critical velocity by trial and error. Only
results with non-zero backlayering lengths are reported.
The heat transfer between the air and the solid walls was computed using the built-in “Conjugate Heat
Transfer” function of CFX. The heat transfer between the outer side of the walls and the ambient was
taken into account through Newton’s law, with a fixed heat transfer coefficient hext. This parameter
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was adjusted to best fit the experiments. Radiative heat transfer inside the tunnel was modelled using
the Discrete Transfer model. Preliminary tests showed that the radiation model had very little
influence in the absence of optically thick smoke, but it was kept for the sake of completeness given
its low computational cost.
The turbulence model which should be used for accurate simulation of the backlayering phenomenon
(and hence accurate prediction of the critical velocity) has been the subject of several works. In
particular, Woodburn [5] used a modified version of the k–ε model which had been validated by Rodi
for plane buoyant jets.
For the present study, two models were tested, both readily available in the CFX package without the
need for user-defined functions: the RNG k–ε model, which is said to perform well on recirculating
patterns, and the Shear Stress Transport (SST) model. The SST model is a blend of k–ω (near solid
boundaries) and k–ε (outside boundary layers) with an eddy viscosity limiter designed to account for
the transport of turbulent shear stress [6]. The principle for the latter feature is similar to the
modelling strategy used by Woodburn. The SST model is designed to predict boundary layer
separation accurately and described by ANSYS as the most versatile, state-of-the-art two-equation
model in CFX [7]. A posteriori analysis of the calculation results showed that the code used the k–ω
formulation close to all walls, especially in the critical zone of flow separation at the tip of the upwind
layer; the k–ε formulation was used in much of the stratified flow region downwind of the source, as
well as in the lower part of the plume. The effects of buoyancy are taken into account in the
dissipation equation for accurate simulation of the plume. According to Demouge [8], omitting this
term leads to incorrect prediction of turbulent entrainment into the plume, and hence errors on the
temperature values and shape of the plume. One should keep in mind, however, that the adjustment of
the model is on two parameters: the turbulence closure and hext. The best fit with the “hot”
experiments was obtained with hext = 20 W.m-2.K-1 and the Shear Stress Transport (SST) turbulence
model.
Results and discussion
Adiabatic simulations were run and compared to the Marseille (“cold” model) experiments with a
non-zero backlayering length, which were unfortunately not very numerous. The temperature at the
source was adjusted so that the density of the injected air was the same as that of the air-helium
mixture on the scale model. Γs was also conserved. The results, plotted on Figure 2, show very good
agreement between the experiments and simulations with both turbulence models. The SST model
may be slightly better. The discrepancies are largest at both ends of the ventilation velocity range: the
numerical model tends to predict a very small amount of backlayering when none is observed in the
experiment, and backlayering is also over-predicted when it is large. The latter observation should
perhaps be nuanced considering the scarce experimental data, and might be related to the complex
edge effects occurring in both the experiments and the simulations — the upwind layer almost reaches
the inlet of the tunnel.
Simulations of the “hot” scale model experiments were also performed. Representative results are
plotted on Figure 3. Different values of the external heat transfer coefficient hext were tested. Very
good agreement was reached for medium values of Γs (1.0 and 1.1), Ts/T0 (about 1.9, corresponding to
a source temperature of about 280°C), with the SST turbulence model and hext = 20 W.m-2.K-1. Unlike
the adiabatic simulations, some of the results are clearly out of line, suggesting convergence
problems.
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Figure 2: Experimental and numerical results for the “cold” scale model
The agreement between numerical and experimental results was not as good when Γs or Ts/T0 differed
significantly from the aforementioned values in either direction, and the numerical model always
over-predicted the backlayering length in those cases. This may be partly due to the linear modelling
of external heat transfer.
The RNG k–ε model consistently predicted larger backlayering lengths on any given set of tests,
sometimes very significantly, which was not the case in adiabatic simulations. This discrepancy can
therefore be attributed to the computed heat transfer. The near-wall turbulence modelling certainly
plays a major role. However, the rough (linear) modelling of the external heat transfer and the
presence of the unknown parameter hext makes it impossible to determine with absolute certainty
which of the turbulence models actually performs better in reproducing the actual heat transfer taking
place in the experiments. The overestimation of the backlayering length by the RNG k–ε is the
opposite of Woodburn’s finding for the standard k–ε model, which tended to underestimate this length
in his work. Other factors such as the source model and the heat transfer calculation should however
be taken into account in this comparison.
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Figure 3: “Hot” scale model sample results. All simulations were performed with hext = 20 W.m-2.K-1.
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Flow separation, which is supposed to be predicted much more accurately by the SST model than by
the RNG k–ε model, does not seem to play a major role in this problem since both models yielded
very close results on adiabatic cases. On the other hand, heat transfer and the closely related near-wall
turbulence have a large influence. It may be worth noting that several parameters which may
influence heat transfer computation, such as the surface roughness of the tunnel walls and radiation
modelling parameters, were tested and found to have negligible influence.
All results, experimental and numerical, show that an increase in Γs results in an increase in the
backlayering length, or equivalently the critical velocity, all other parameters being equal. A higher
value of Γs corresponds to a more buoyancy-dominated plume.
With the appropriate value of hext and the SST turbulence model, decent to good agreement was found
for the backlayering lengths on the “hot” scale model. Despite the high sensitivity of the backlayering
length to the longitudinal air flow velocity, the model was able to reproduce the experiments quite
accurately, thanks to precisely controlled experimental conditions and the adjustment of one
parameter of the calculation (hext).
A common industrial RANS model, when properly set, is therefore intrinsically capable of
reproducing the dynamics of notoriously difficult aspects of smoke flows in longitudinally ventilated
tunnels with decent accuracy. However, the variables which were shown to have a large influence on
the flow (plume Richardson number, heat transfer parameters) are generally not known with sufficient
precision in small-scale experiments involving solid or even liquid fires, let alone full-scale fire tests
or simulations of hypothetical fire scenarios. This emphasises the need for sensitivity analyses and
sound engineering judgement — in addition to the observance of good CFD practice — at all stages
of a fire safety study since the definition of the fire scenario and safety criteria will most often
outweigh the intrinsic inaccuracy of the CFD model.
CONCLUSIONS
Experiments have shown that along with the buoyancy flux and the ventilation velocity, the plume
Richardson number characterising the buoyancy-momentum balance has a significant influence on the
backlayering length and the critical velocity. The detailed source characteristics are therefore
important when studying the upwind part of the smoke flow in a longitudinally ventilated tunnel, and
inaccurate source modelling may account for a significant part of the discrepancies between
experiments and numerical simulation of such flows. A real fire source, however, is much more
difficult to characterise than a well-controlled buoyant jet.
Another parameter that was found influential is the heat losses at the walls. Their influence is larger
on the backlayering length in the sub-critical ventilation regime than it is on the critical velocity itself.
Adiabatic models (physical or numerical) may therefore be suitable for approximate critical velocity
predictions.
A CFD model using the SST turbulence closure (a blend of k–ω and k–ε models) and a value of hext
set to fit one series of experiments was capable of reproducing most of the “hot” scale model tests
with good accuracy. Excellent agreement was found between the experiments on the “cold” scale
model and adiabatic simulations. However, the high sensitivity to a number of input parameters such
as the detailed source characteristics, the heat transfer, and of course the ventilation velocity, would
probably make accurate reconstruction of larger-scale fire experiments very difficult as far as the
upwind region of the flow is concerned. These findings are in line with those of earlier works; the
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particular role of wall heat transfer has been highlighted. If the safety stakes related to this particular
area are high, a specific sensitivity analysis is certainly desirable as part of the fire safety engineering
process.
REFERENCES
1.

Le Clanche, J., Salizzoni, P., Creyssels, M., Mehaddi, R., Candelier, F. and Vauquelin, O.,
“Aerodynamics of buoyant gases within a longitudinally ventilated tunnel: experiments in two
different scale models”, Proceedings of the 15th International Symposium on Aearodynamics,
Ventilation and Fire in Tunnels, Barcelona, Spain, 18–20 September, 2013.

2.

Morton, B.R., Taylor, G., Turner, J.S., “Turbulent gravitational convection from maintained
and instantaneous sources”, Proceedings of the Royal Society A 234, 1–23, 1956.

3.

Morton, B.R., “Forced plumes”, Journal of Fluid Mechanics 5, 151–163, 1959.

4.

Hunt, G. and Kaye, N.B., “Lazy plumes”, Journal of Fluid Mechanics 533, 329–338, 2005.

5.

Woodburn, P., Computational Fluid Dynamics simulation of fire-generated flows in tunnels
and corridors, PhD thesis, Cambridge University, 1995.

6.

Menter, F.R., “Two-equation eddy-viscosity turbulence models for engineering applications”,
AIAA-Journal 32(8), 1598–1605, 1994.

7.

ANSYS Inc., CFX version 14.0 Modelling Guide, 2011.

8.

Demouge, F., Contribution à la modélisation numérique de la stratification des fumées dans
le cas d’un incendie en tunnel routier, PhD thesis, Claude Bernard University, Lyon, 2002.

333

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

334

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Smoke Management in Subway Stations Due to Train
Arson Fire Scenario
Yunlong Liu1, Sean Cassady1, Jerry Casey1, Sanja Zlatanic2 & Nasri Munfah2
1. HNTB Corporation, 600 108th Avenue NE STE 900, Bellevue, WA 98004, USA
2. HNTB Corporation, 5 Penn Plaza, 6th Floor, New York 10001, USA
ABSTRACT
Arson fire scenarios represent rapid fire growth conditions attributed to the use of an accelerant which
can be approximated with a super-fast heat release rate growth rate. It is a challenging fire scenario
which cannot be ignored when designing an underground subway rail station. Many transit and rail
agencies design requirements include the design for an arson fire resulting in technical challenges to
meet NFPA 130 evacuation requirements.
An active smoke management system makes use of mechanical equipment to extract the smoke out of
the station via exhaust stack configured safely at grade. A non-mechanical system makes use of
smoke baffles or downstands to guide the smoke flow away from egress pathways and towards the
desired locations.
We have considered a train arson fire scenario where the fire had been initiated prior or after the train
arrival at the station and quantitatively analysed the tenability at the station platform using a hybrid
SES – CFD model. The hybrid SES – CFD model takes advantage of the individual features of both
the Subway Environment Simulation program (SES) and the Computational Fluid Dynamics (CFD)
program and is capable of presenting more details related to the mixture stream flow, heat transfer as
well as tenability at any locations of the subway station.
Four different parameters, including the location of the fire origin, availability of fire detection
provisions, stair enclosure arrangements and the smoke extraction capacity, have been analysed to
investigate their impacts on tenability of a typical subway station. It is concluded that, with properly
arranged smoke baffles, both the detection-communication provisions and the smoke extraction
capacity play a significant role to maintain a tenable condition for the station. For a train fire already
developed prior to the train arrival at the station, a key recommendation is to make use of a reliable
on-board fire detection and communication system which can start the exhaust fans as early as
possible to maintain the tenability of the station.
For a typical underground subway station, properly arranged smoke-proof baffles or downstands
combined with a mechanical smoke control system would contribute to an optimized solution. For a
fire developed before the train arriving at the station, it is recommended that enclosed stairs with
smoke-proof downstands positioned with an optimum clearance height, working together with an onboard fire detection-communication system and a properly sized over-track extraction system can
achieve the tenability in subway stations for the arson fire scenario.
This paper analyses the effectiveness of selected fire smoke management strategies, for an arson fire
scenario in a typical underground railway station, to maximize the available safe egress time and to
satisfy the NFPA 130 egress criteria.
KEYWORDS: Arson fire, subway station, fire life safety, ventilation, tunnel, SES, CFD, smoke
management.
1. INTRODUCTION
Fire life safety is one of the major public safety problems for underground structure, especially for rail
transit stations where mass transportation is involved. To maximize the tenability and minimize losses
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in an accidental fire in such public areas, consideration of fire safety normally started from the design
stage. Complicating the situation would be a deliberate arson fire initiated in the train while in the
tunnel or in the station.
It is well known that smoke development represents the most significant risk for loss of life when a
fire incident develops. The best way to properly manage this emergency situation is to evacuate the
occupants as quickly as possible by reducing the required safe egress time; and maintaining a tenable
period as long as possible, and maximizing the available safe egress time and egress stairs.
Measures to reduce the required safe egress time includes providing early detection system to
minimize detectiom time, sophisticated warning system such as live broadcast system to reduce the
pre-movement time, and sufficient exits with a reduced travel distances to reduce the travel time.
When designing a system involing mass transit, more effort is being placed to engineer the system to
maximize available safe egress time. This can be achieved by utilizing fire smoke management
approach, such as smoke exhaust, smoke baffle and/or fire suppression, measures to guide the smoke
flow toward a desired direction, and increase the egress time with the provision of effective fire
detection and communication system, and an emergency management plan based on identified
possible fire scenarios.
NFPA 130[1] dictates that the station shall be designed to permit evacuation from the most remote
point on the platform to a point of safety in six minutes or less, and the station platform be cleared in
four minutes or less. This paper analyses the effectiveness of smoke management strategies,
considering an arson fire scenario in a typical underground subway station, to maximize available safe
egress time and to satisfy the NFPA egress criteria.
2. DESIGN FIRE
Hazard analysis can help identify a credible fire scenario for a subway station. However, arson fire
originated from inside the train is a major hazard and is unpredictable. Based on recent events, arson
fire is being nominated as the design fire scenario in newer subway systems.
Table-1 is a review of design fire peak heat release rates (HRR) of train fires used in major rail and
transit infrastructure projects. The design fire for smoke management ventilation system sizing is
based on a fire size ranging from 7MW and 31.1MW, depending on the specifics of the project. It is
noted that this table represent a combination of passenger rail and transit system projects.
Table-1: Design fire peak heat release rates used for rail infrastructure projects
Rail line
Location
Country
Peak heat Notes
release
rate (MW)
North South Line (NSL)
Singapore
Singapore
24 MW
Chua 2003[2]
East West Line (EWL)
Singapore
Singapore
24 MW
Chua 2003[2]
North East Line
Singapore
Singapore
15 MW
Chua 2003[2]
Circle Line
Singapore
Singapore
10 MW
Chua 2003[2]
Airport Express Line(AEL) Hong Kong Hong Kong 10 MW
Chua 2003[2]
Chaloem Ratchamongkhon Bangkok
Thailand
7 MW
(Drake & Meeks,
MRT Line
2000)[3]
Athens Metro
Athens
Greece
10 MW
(Castro et al, 1997) [3]
St Paul’s City Thames link London
UK
16 MW
(Arup 2004) [3]
Mont Lebanon Tunnel light Pittsburgh
USA
13.2 MW (Kennedy & Patel
rail transit
1998) [3]
New South link
Australia
Australia
10 MW
Chua 2003[2]
Shenzhen Metro
Shenzhen
China
14 MW
New Lynn Rail
Auckland
New
15-30MW
Zealand
Washington DC WMATA
Washington USA
18 MW
(Hottinger & Barnett,
system
DC
1991) [3]
Washington DC WMATA
Washington USA
23.1 MW (Kennedy,1998) [3]
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system
Amtrak New York City
Tunnels
New York City Metro
Crenshaw rail and station
San Francisco Central
Subway
Copenhagen Metro
Gotthard base rail tunnel
English Channel Rail
Tunnel
Warm Spring Station, CA
Perth Rail Station

DC
New York
New York
Los Angeles
San
Francisco
Copenhagen
Switzerland
English
Channel
Fremont,
CA
Perth

USA

31.1 MW

USA
USA
USA

8 MW
20 MW
28 MW

Denmark
Switzerland
UK, France

20 MW
20 MW
13 MW

USA

14.9 MW

Australia

15 MW

(Amtrak 2004) [3]

(Mavromihales)[4]
(Fabbri 2004)[5]
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Figure 1: Nominated train fire HRR growth rate
In addition to fire peak HRR, fire growth rate is also a key parameter influencing the tenable time. Li
[6]
et al discussed the fire growth rate of train fires for the fire safety ventilation of stations. Based on
train fire tests in Australia, Canada and Sweden, the fire growth rate for an arson fire can be faster
than ultra-fast HRR growth rate that is defined in NFPA 130.
In this research, train fire scenario considers a peak heat release rate of 10 MW per train car, which is
reached within 115 seconds for one car, which corresponds to a super-fast growth rate. The fire in a
second train car is assumed to be initiated with a delay of 1050 sec after the initiation of the fire in
the first car, giving a total heat release rate of 20MW maximum, as shown in Figure 1.
This paper focuses on arson fires with HRR of 10MW per car and at a faster than ultra-fast HRR
growth rate as defined in NFPA 130.
3. SUBWAY ENVIRONMENT SIMULATION (SES) MODEL
As the station and the tunnel connections forms an integral system, airflow developed from the
adjacent stations needs to be considered for the tenability analysis of an arson fire incident in a
station.
Subway Environment Simulation Version 4.1[7] has been used for the airflow analysis. Key
parameters for an example station and connecting tunnels for developing the SES model are given in
Table-2, and the network node diagram and the resulting airflow are given in Figure 2.
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It should be noted that no mechanical ventilation operates in the adjacent stations during the
whole process of the fire incident at the subject station. The airflow in the connecting tunnel is
developed by the negative pressure at the fire incident station with the operation of exhaust fans
achieving an effective flow rate of 463 m3/s.
Table-2: SES input parameters
Form No. Description
3
Tunnel cross section area
3
Length of the connecting tunnel
9A.5
Number of cars per train
9A.7
Total length of train
9A.8
Frontal Area of train
9B.1
Perimeter of train’s frontal profile
9B.2
Skin friction coefficient
9B.4
Frontal train drag coefficient
9J.2
Roughness length for concrete surface
9J.3
Roughness length for tunnel services (cables, pipes, brackets)
9J.4
Roughness length for track bed
9J.5
Roughness length for other surface

23 m2
500 m
3
82 m
8 m2
12 m
0.023
0.65
0.003 m
0.009 m
0.04 m
0.009 m

Figure 2: SES node network
Based on SES modelling, assuming fire located on one of the rail track beside the platform, the
airflow developed at the connecting tunnels is approximately 28.2 m3/s, which gives a total airflow
supply of 112.8 m3/s from all the four connecting tunnels. This will be the boundary conditions for the
CFD modelling to analyse the tenability of the fire incident scenarios.
4. FIRE AND SMOKE MANAGEMENT SCENARIOS
Feasible solutions for smoke management include a fast response system to detect the fire as early as
possible, start the mechanical ventilation sooner, and to guide the smoke flow towards the desired
direction without unnecessary delays, i.e., timely extraction and discharge through the ventilation
shaft outlet.
The following four different fire scenarios are considered: (1) fire started after train has arrived at the
station, no smoke downstands utilised for stairs; (2) fire started after train has arrived at the station,
and smoke downstands utilised for stairs; (3) train fire started prior to the train arrival at the station,
train has an on-board fire detection system with communication to station, and train fire is fully
developed to peak HRR upon arrival at the station (4) train fire started prior to the strain arrival at the
station, train has no on-board fire detection system, and train fire is fully developed to peak HRR
upon arrival at the station.
Effective over track exhaust (OTE) rate of 13 x 35.6 m3/s achieved with three exhaust fans
considering one fan out of service for all of the fire scenarios. Six OTE opening locations are
uniformly distributed above the fire incident rail track, another two are on the concourse ceiling, and
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another five are above the platform on the fire incident rail track side. No OTE extraction dampers
open for the non-fire rail track side, as illustrated in Figure 3.
Table-3 gives an overview of fire smoke management scenarios that have been analysed, to compare
the variations of each design parameter, including the response time for smoke extraction system,
layout of the extraction dampers and smoke baffles. CFD modelling has been performed with FDS[8]
to study the tenability of the station for optimization of the mechanical system.
Table-3: Fire scenarios and smoke control provisions
Scenario Train fire scenario
Exhaust fan
ID #
operation
time
Scenario Fire started from the train after the
operate at
#1
train has arrived at the station
180 seconds
Scenario Fire started from the train after the
operate at
#2
train has arrived at the station
180 seconds
Scenario Fire started from the train prior to
operate at 0
#3
the train arrival at the station, with
seconds
onboard detection and
communication to the station
Scenario Fire started from the train prior to
operate at
#4
the train arrival at the station,
180 seconds
without onboard detection and
communication

Fire growth
rate
HRR to 10MW
at 115 seconds
HRR to 10MW
at 115 seconds
HRR to 10MW
at 10 seconds

Smoke
control
provisions
No
Downstands
Downstands
for stairs
Downstands
for stairs

HRR to 10MW
at 10 seconds

Downstands
for stairs

OTE dampers above
the fire incident rail
track

Figure 3: 3D Computer model for the fire smoke modelling of arson fire at a rail transit station
SES calculated air flow at the four tunnel connections to the station are 4 x 28.2 m3/s for the full
capacity extraction of 463m3/s, the airflow at the tunnel connections are reduced at the same ratio
accordingly before the exhaust rate reach its full capacity.
CFD analysis is based on the assumption considering one major fan out of service; the total achieved
exhaust rate is 463 m3/s. This analysis confirmed that this extraction capacity is sufficient for
managing the nominated train fire in the station, if the smoke downstands are provided and the smoke
management schedule including smoke management controls with on board fire detection is
implemented for the train fire developed porior to the train arrival at the station.
5. TENABILITY CRITERIA
NFPA 130 and NFPA 502 recommended tenable criteria for fire emergency conditions are
summarized in Table-4. The tenability analysis is based on NFPA 130 smoke visibility of 10 m at
2.5m above platform level since the untenable condition for visibility is usually reached prior to other
criteria being reached.
Table-4: Tenability criteria recommended in NFPA 130 (2010)
Parameter
Acceptance threshold
Remarks
CO
Maximum 2000 ppm
For a few seconds
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Temperature

1150 ppm
450 ppm
225 ppm
50 ppm
80°C
70°C
60°C
50°C
40°C

Visibility

10 m
30m

Air velocity

Between 0.75 m/s and 11 m/s

For the first 6 minutes of exposure
For the first 15 minutes of exposure
For the first 30 minutes of exposure
For the remainder of the exposure
For a maximum of 3.8 minutes exposure
For a maximum of 6.0 minutes exposure
For a maximum of 10.1 minutes
exposure
For a maximum of 18.8 minutes
exposure
For a maximum of 40.2 minutes
exposure
Measured at 2.5m above the floor
Measured at 2.5m above the floor,
signage internally illuminated at 80 lx
For enclosed stations and trainways

6. ANALYSIS OF TENABILITY AND FIRE SAFETY PROVISIONS
To analyse the difference in fire scenarios considering different variants, such as smoke downstands,
availability of on-board fire detection and communication system, the tenability acceptance criteria
for the selected four scenarios have been summarized in Table-5. Because of the response delay of the
initiation of the ventilation system, there is a temporary untenable period.
Table-5: Options of the smoke extraction configurations (considering ambient CO of 10 ppm)
Case ID Visibility
Air Temperature Airflow
Carbon
NFPA
Velocity
monoxide(CO)
satisfy?
<
10
m
on
40-50°C
on
0.75
6
m/s
120-250
ppm
on
No
Scenario
concourse till 4
platform for 4
for 90% of
up to 30% of
#1
minutes, less than
minutes, 40-70°C the region
platform area
10 m on platform
on concourse for
for one minute
till 9 minutes
one minute
Concourse less
0.75 - 6 m/s platform: up to
Yes
Scenario < 10 m over 50%
of the concourse
than 40°C, up to
for 90% of
450 ppm for 0.5
#2
area for 0.5 minute, 40 - 50°C on
the region
minute; up to
less than 10 m on
50% platform
250 ppm for less
platform for
area for no more
than 2 minutes
4minutes
than one minute
0.75 - 6 m/s 10 – 20 ppm on Yes
Scenario > 30 m on Platform 28-30 °C for
and concourse
concourse and
for 90% of
platform and
#3
platform
the region
concourse
40-100°C on
0.75 - 6 m/s 120-600 ppm for No
Scenario < 10 m on
concourse and
platform for 4
for 90% of
4 minutes on
#4
platform till 7
minutes, 40-60°C the region
platform
minutes since train on concourse for
arrives the station
one minute
6.1 Influence of Smoke Downstands
CFD modelling is conducted to analyse the performance of smoke control provisions with smoke
downstands enclosing the stairs that link the platform and the concourse. Scenario #1 assumes that
smoke downstands for the stair entrance are not provided, and a train fire started after the train has
arrived at the station. Smoke visibility is visualized for a vertical slice at the centre of the platform as
shown in Figure 4.
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Time 60
seconds
Time 120
seconds
Time 180
seconds
Time 240
seconds
Time 300
seconds
Time 360
seconds
Time 600
seconds
Figure 4: Smoke visibility along centre of platform for scenario #1
Because of the buoyancy effects, smoke developed from the train fire flows onto the concourse level
within one minutes after the fire started. When the mechanical extraction system is turned on at 3
minutes, accumulation of smoke at the concourse level require an additional one minute of time from
fans start in order for tenable conditions to be established in the concourse level. This resulted in an
approximately 4 minute period that the concourse and the four exit stairs are untenable. This analysis
has shown that the performance of the system cannot comply with NFPA 130 requirements because 4
minute tenable period cannot be provided for the concourse.
Scenario #2 also assumes a fire started from the train after the train has arrived at the station.
However, the two stairs linking the platform and the concourse are enclosed with smoke downstands
with a 2.7 m clearance height. Figure 5 shows the smoke visibility for scenario #2. The untenable
period for the stairs and the concourse level is no more than 30 seconds before the station exhaust fans
operate at full capacity. This is because the smoke can only flow onto the concourse when the smoke
layer descends down to below 2.7m level. CO concentration, air temperature and airflow speed are all
within the acceptance criteria as shown in Table-4 and Table-5.
This confirms that with the application of properly configured smoke downstands for the stairs,
tenability on the concourse level can be significant improved to meet the NFPA 130 requirements.
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Time 60
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Time 420
seconds
Figure 5: Smoke visibility along centre of platform for scenario #2
6.2 Influence of Train On-board Detection and Communication
Train arson fire can start any time and at any location, such as while the train is travelling in the
tunnel. The emergency management strategy for an arson train fire while travelling in the tunnel is to
make every effort to drive the train to the nearest station to manage the fire, including evacuation of
passengers and smoke control, etc. Scenarios where train fire developed prior to train arrival at the
station or with an extended delay of the response to operate the mechanical ventilation system are
expected to have significant adverse impact on tenability at the station.
Comparison of scenario #3 and scenario #4 demonstrates station tenability considering the availability
of train on board detection and communication system, considering fully developed train fire due to
fire ignition prior to the train arrival at the station. Without the on board detection and communication
with the station, response to operate the mechanical ventilation system can be delayed by up to 3
minutes.
When on-board train fire or smoke detection and communication system, the train fire can
immediately be reported and communicated to the station, so that the station emergency can be
implemented before the train arrival and the mechanical ventilation system can be initiated prior to
the train arrival.

342

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Time 60
seconds
Time 120
seconds
Time 180
seconds
Time 240
seconds
Time 300
seconds
Time 360
seconds
Time 600
seconds
Figure 6: Smoke visibility along centre of platform for scenario #3
Figure 6 shows the smoke visibility upon the train arrival at the station for scenario #3, where onboard train detection and communication system is provided. There is no tenability issue for the
station because prior activation of the emergency ventilation will enable the ventilation system to be
at design capacity prior to arrival of train with fully developed fire at peak HRR. NFPA 130
requirements for smoke control are satisfied because unlimited tenable time can be provided with the
mechanical system.
Scenario #4 is a sensitivity analysis scenario for the condition when no on-board fire detection or
communication system is provided, and fire started in the train prior to the train arrival at the station
and the peak fire heat release rate on one car has been developed. Assuming a three minute delay to
operate the mechanical exhaust system, Figure 7 shows that smoke flows onto the concourse level
because of the excessive delay of the system response; untenable time on the concourse level exceeds
four minutes as shown in Table-5 and Figure 7. This analysis shows that NFPA 130 requirements
cannot be satisfied if the response delay time is up to three minutes when considering station arrival of
fully developed train fire at peak HRR due to fire ignition prior to the train arrival at the station.
7. CONCLUSION
Based on a hybrid methodology using SES and CFD, tenability at an underground station involving
train arson fire has been analysed to optimize the performance considering the availability of train onboard detection system and smoke downstands for the stairs. It can be concluded that:
1. Smoke extraction is effective with the smoke extraction active above the track where the fire
incident train is stopped, with the ventilation system capable of configuring a dedicated
exhaust on the fire incident side of the platform at maximum plant capacity.
2. Smoke downstands used to enclose the stairs and the provision of exhaust dampers, when
properly configured, enable the system to maintain tenable conditions for the platform and
concourse level while accommodating one major exhaust fan out of service and a total
achieved extraction rate of 463 m3/s.
3. Stairs without enclosed smoke downstands can result in an untenable period of up to 4
minutes and 9 minutes for the concourse and platform, respectively.
4. If the design fire scenario considers an arson fire development on the train prior to arrival at
station, it creates a condition where station fire safety systems are required to respond to
initial fire conditions at peak HRR. System detection response time and ventilation equipment
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start up time could introduce a 3 minute period of time where untenable conditions. The
smoke will temporarily flow onto the concourse at 60 seconds, and the temporary untenable
period for the platform can be as long as 7 minutes from the time the train (on fire) arrives at
the station.
5. With train on-board fire detection and communication system, an arson fire started prior to
the train arrival at the station can be communicated to the station, and the mechanical
ventilation can be started and operating at design capacity prior to train (on fire) arrival at the
station. Unlimited tenable time can be maintained for the station.
6. A combination of a properly configured over-track exhaust (OTE) with smoke downstands
enclosing the stairs can help maintain tenable condition on the platform and the concourse to
satisfy the NFPA 130 requirements.
Time 60
seconds
Time 120
seconds
Time 180
seconds
Time 240
seconds
Time 300
seconds
Time 360
seconds
Time 600
seconds
Figure 7: Smoke visibility along center of platform for scenario #4
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ABSTRACT
This paper focuses on a new generation of hot smoke tests, using premixed propane flames as a fire
source. Premixed flames burn in a highly efficient manner. Thanks to this high combustion efficiency,
the flame length is reduced and, consequently, the local temperatures at the ceiling directly above the
burner are lower. In fire tests, this allows the level of structural protection above the burner to be
reduced. Also, the radiation from the flames is dramatically reduced and heat is almost totally released
as convective heat.
The equipment design allows the user to control the heat release rate of the apparatus in real time. Predefined ‘fire’ curves can be reproduced to study the reaction of the detection systems or to evaluate
smoke filling times.
Real tests and computer simulations using FDS were used to study and describe the system. Due to
the lack of literature regarding the plumes created by premixed flames, it was necessary to run real
tests, take measurements and create a computer model in order to collect information and assess the
burner performance.
The comparison between the real tests and the computer model allowed the validation of the
simulations. The test results showed that the developed testing methodology is suitable to replicate
realistic smoke conditions.
KEYWORD: realistic smoke tests, computer models, simulations, premixed flames
INTRODUCTION
Nowadays, tunnels play a critical role for both transportation of people and goods. A fire accident in a
tunnel may cause fatalities and always entails economic losses. Modern national and international
economies rely on a functional transport infrastructure. If a tunnel has to be closed for days, weeks or
months, the economic consequences can be huge due to longer travelling times, fuel consumption or
loss of the goods’ value (e.g. food industry). Some populations may even be cut off until the tunnel
reopens.
When a fire safety strategy is designed the primary goal is always to preserve the life of the tunnel
users or occupants. The majority of injuries and fatalities due to fires in enclosed spaces are caused by
inhalation of smoke. In an enclosed space such as a tunnel, smoke management systems (ventilation
systems) are installed to maintain tenable conditions during the egress process and better conditions
during fire-fighting operations.
Different legislations are applicable to tunnels. Both international and national legislations demand
certain measures in order to guarantee that the smoke management systems will perform satisfactorily
when they are needed. Realistic smoke tests are required to demonstrate the capabilities of ventilation
systems.
The European Directive 2004/54/EC [1], applicable in all the EU-countries, requires "regular tests to
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be carried out in the road tunnels covered under this document, which shall be as realistic as
possible, yield clear results and prevent any damage to the tunnel... these tests shall be conducted in
each tunnel at least each four years".
Also the World Road Association (PIARC) [2] although its documents are norms instead of
legislation, recommends undertaking "full scale tests prior to opening a tunnel (...) and complete test
at regular intervals".
Smoke tests for tunnels may be classified in three general groups: (1) cold smoke tests, (2) hot smoke
tests and (3) full scale fire tests. Each of these methods can provide valuable results but each one also
has associated problems. For example, cold smoke tests don't produce buoyant smoke layers and
therefore they are not sufficiently realistic for most ventilation performance studies, while hot smoke
tests generally only reproduce constant heat release rates (HRR) and require extensive tunnel cleaning
operations after the test. In addition, due to environmental reasons, some of these tests are prohibited
or require a large number of authorizations and bureuacracy.
The aim of this work was to develop a novel smoke testing system which is able to reproduce the
essential features and performance of hot smoke tests, but without the problems associated with
‘dirty’ smoke.
METHODOLOGY
The methodology applied to study the burner combined both computer models and real-scale tests. A
number of different simulations were implemented in order to find a model able to simulate the
conditions in the real tests.
As will be discussed, the smoke testing system can produce fires up to 1.2 MW. Four different heat
release rates (HRR) of 0.1 MW, 0.4 MW, 0.8 MW and 1.2 MW were tested during the experiments
and simulated using the computer models. These values were chosen to obtain a complete view of the
burner behaviour for the complete range of work.
SYSTEM DESCRIPTION
The smoke testing system presented in this work is composed of a propane burner and the auxiliary
equipment necessary to bring the required amount of gas into the burner under the required pressure
conditions.
As can be seen in Figure 1 the fuel and air are premixed to enhance combustion by cross streams. The
fuel is supplied at the bottom and the air is supplied through the V-plates.

Figure 1
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Smoke testing system configuration. The figure shows the V-shape of the mixing plates
and offers a schematic overview of the smoke testing system.
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One burner unit (burning domain) is 1.22 m long and 0.17 m wide (dimensions of the exit area) and 1
m high. The burner has a maximum capacity of 1.2 MW although, both the ratio air-fuel and the
burning capacity are tuneable below this value. Multiple burners could be used to generate fires with
HRRs above this limit. The complete system developed to date is comprised of two identical burning
units, with a combined peak HRR of 2.4 MW. However, only one unit was used for the work
described here.
The plume produced by the system is clean. The soot yield is negligible and the ‘smoke’ is
transparent. In order to track and visualize the plume as smoke, it can be seeded with a clean synthetic
agent.
The gas supply system is composed of eight propane bottles and a evaporator needed to bring the
proper gas amount in the burner. These propane bottles are standard and can be easily sourced in
many countries. A standard propane gas bottle contains around 10 kg. That means that the system can
be run without stopping for about 46 minutes (considering an efficiency of 90%) at full power.
The system is equipped with a digital control system which allows the reproduction of fire curves.
Linear , t2 and user-controllable fire growth rates can be modelled, as can the decay phase of a fire, if
required.
FDS MODELLING
The system was studied making use of computational fluid dynamics (CFD) software. In this case, the
Fire Dynamics Simulator (FDS) v6 was used to model the burner. The new properties implemented in
FDS v6 allow the representation of the turbulence around the fire plume in a better way than previous
versions of the model, and consequently a better model of the system may be obtained.
However, FDS is not designed to model premixed combustion directly, therefore an alternative
solution had to be found. The properties of premixed propane combustion are known and well
characterised in the literature, its adiabatic flame temperature under absolute ideal conditions is 2194
°C [3]. Considering this, the burner has been modelled as a hot gas stream ejected from the burner at a
temperature above 2000 °C.
The yielded quantities of the main products can be easily calculated for each HRR because the
combustion process takes place at stoichiometric ratio:
𝐶3 𝐻8 + 5 𝑂2 + 5 ∙ 3.76 𝑁2 → 3 𝐶𝑂2 + 4 𝐻2 𝑂 + 5 ∙ 3.76 𝑁2

(1)

The propane heat of combustion can be found in the literature and its value is around 46 MJ/kg [3],
and the reaction can be adjusted for each HRR in order to calculate the kg/s of each product yielded.
To model the system, it was critical to define the correct radiation fraction, that is, how much of the
heat is released as radiation. The system is intended to work with a stoichiometric air-fuel ratio
mixture in order to achieve the highest combustion effiency and reduce the flame height. The
available literature regarding premixed flames shows that premixed flames present a very low
radiation fraction and therefore the larger part is released as convective heat [3].
It is known that the higher the combustion efficiency, the lower the flame radiation fraction, since less
soot is produced and the flame becomes transparent. The fraction of heat released as convective heat,
can be calculated using the partial pressures of CO2 and water vapour in the products [3]. Using the
chemical balance, see above Eq. 1, the molar quantities are calculated and these values correspond to
the partial pressures (surrounding pressure, ambient pressure, 1 atm).
-

CO2: pCO2  3 / (3 + 4 + 18.8 )  0.116 atm
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-

Water Vapour: pH2O  4 / (3 + 4 + 18.8)  0.155 atm

Therefore, the heat fraction transferred to the gases as convective heat is:
R= 1.7 ·10-6 (pCO2 + 0.18 pH2O) T2 = 0.978

(2)

The remaining fraction, around 2%, is the radiative fraction. This result is important both for the
computer models implemented to study the system and to estimate the equivalent natural fire that the
burner represents.
A very fine cubic mesh of 3.25 cm for the 0.1 MW and 0.4 MW simulations and 6.5 cm for the 0.8
MW and 1.2 MW cases was utilized in the model to minimise the errors. The main advantage of using
a computer model is the amount of spatial and temporal information that can be obtained from it.
Temperature and velocity can be predicted at any desired location in the domain.
The devices were separated 20 cm (equivalent to one device every three cells) both in X-direction and
Y-direction. A total number of 20 devices were placed along the X-direction (10 along the positive
direction, 10 along the negative direction) and 30 in the Y-direction (15 along the positive direction,
15 along the negative direction) plus one device at a central position. Taking into account both
temperature and velocity devices the number of measurements is 3162.
This grid was reproduced every 19.5 cm in Z-direction, equivalent to 3 cells, up to the height of 6
meters above the burner. The resulting number of levels was 31. This height, 6 meters above the
burner, equivalent to 7 meters above the floor, was chosen because this seems a reasonable maximum
height for a smoke layer because a typical two lane road tunnel is around 6 meters high.
EXPERIMENTAL TESTS FOR MODEL VALIDATION
A series of experiments for model validation was carried out during August 2013 in an industrial
premises. The burner was placed under an opened window installed at the roof in order to avoid the
smoke accumulation inside and any possible disturbance of the plume.
Four different HRR quantities, 0.1 MW, 0.4 MW, 0.8 MW and 1.2 MW; were set and both,
temperatures and velocities, were measured at different positions in order to compare the real
measurements and simulations. However, the uncertainties around the velocity measurements made
the use these velocity measurements problematic and no further reference to these is made in this
work.
The temperatures were measured at 3 meters, 4 meters and 6 meters high taking the burner as
reference. Both the central axis position and two points along the main axis, were measured as the
following figure, Figure 2, shows.
Y-direction
60 cm

35 cm
35 cm
Figure 2
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Once the flame was stable, the temperatures were continuously measured every five seconds for two
minutes in order to ensure a reliable value. The first minute was discarded because the records showed
a certain fluctuation, and the measurements were considered from the second minute on, when the
records were more stable. It was not possible to measure along the Y-axis for the higher HRRs of 0.8
MW and 1.2 MW.
The results obtained during the tests were compared to the simulations in order to validate the model.
After a sensitivity analisys, it was found that using a flame temperature of 2500°C in the model
obtained the best correlation to the test results. This is slightly higher than the calculated flame
temperature, but using this temperature in the model consistently gives the most accurate predictions.
By increasing the flame temperature, the combustion region is better represented, and consequently
the plume properties are better achieved. The results are presented in the following tables:
Table 1

3m
4m
6m

Table 2

3m
4m
6m

Table 3

3m
4m
6m

Table 4

3m
4m
6m

0.1 MW test configuration. Comparison between the temperatures measured during the
real test and the results obtained from the simulations.
Central Position
Test
FDS
(°C)
(°C)
68.85
69
61.05
57
43.05
44

X-axis 60 cm
Test
FDS
(°C)
(°C)
38.7
36.32
34.25
33.5
31.8
31.5

X-axis 120 cm
Test
FDS
(°C)
(°C)
23.2
20
23.2
20
23.2
20

Y-axis 35 cm
Test
FDS
(°C)
(°C)
45.85
45.3
44.3
45.26
42.55
39

Y-axis 70 cm
Test
FDS
(°C)
(°C)
32
28.44
32.5
34.2
36.6
33.05

0.4 MW test configuration. Comparison between the temperatures measured during the
real test and the results obtained from the simulations.
Central Position
Test
FDS
(°C)
(°C)
151.3 148.15
111
108.86
77.6
74.25

X-axis 60 cm
Test
FDS
(°C)
(°C)
74.7
72.76
65.1
59.86
49
51.72

X-axis 120 cm
Test
FDS
(°C)
(°C)
25.1
20
25.8
20
33
22

Y-axis 35 cm
Test
FDS
(°C)
(°C)
102.6
84.84
89.65
83.91
77.1
65.93

Y-axis 70 cm
Test
FDS
(°C)
(°C)
46.95
42.48
66.85
59.73
62.45
57.33

0.8 MW test configuration. Comparison between the temperatures measured during the
real test and the results obtained from the simulations.
Central Position
Test
FDS
(°C)
(°C)
216.1 217.25
170.5
168.1
109
108

X-axis 60 cm
Test
FDS
(°C)
(°C)
115.6 114.36
101.6
93.06
77
73.82

X-axis 120 cm
Test
FDS
(°C)
(°C)
24
20.3
33.75
20.2
41.3
27.44

Y-axis 35 cm
Test
FDS
(°C)
(°C)
136.4
128
96

Y-axis 70 cm
Test
FDS
(°C)
(°C)
75
81
75

1.2 MW test configuration. Comparison between the temperatures measured during the
real test and the results obtained from the simulations.
Central Position
Test
FDS
(°C)
(°C)
264
280.13
202
206
132.5 130.65

X-axis 60 cm
Test
FDS
(°C)
(°C)
174
152.54
110.45 117.52
91
88.12

X-axis 120 cm
Test
FDS
(°C)
(°C)
22.7
20
40.25
21
41.2
33

Y-axis 35 cm
Test
FDS
(°C)
(°C)
181.7
158.85
118.3

Y-axis 70 cm
Test
FDS
(°C)
(°C)
107.47
111
93

This benchmarking exercise has shown an excellent match between the model in FDS and real scale
fire tests under a free burning environment. The variations in temperatures are all within 10% of the
experimentally recorded values.
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The field of temperatures is a consequence of a turbulent mixing process. The FDS model shows
satisfactory results for four different HRR outputs within the range of interest. The plume is a buoyant
fluid and therefore the field of velocities is mainly imposed by the field of temperatures. The excellent
match obtained for the field of temperatures allows to read the velocities obtained from the
simulations with a high grade of confidence
The model may therefore be considered ‘validated’ for this scenario. Further testing, described below,
will compare model predictions with test data from a different experiment.
PLUME MODEL AND SMOKE TESTING CAPACITY. COMPARISON BETWEEN
NATURAL FIRES AND THE SYSTEM
The previous section has demonstrated that we are able to predict the behaviour of the system
generated plume using FDS. It remains to be demonstrated that the system is able to replicate the
behaviour of a real fire test.
This smoke testing system uses a rectangular fire source. Therefore, the plume produced is not
axisymmetric but elliptical: there is a preferential air entrainment direction, as shown in Figure 3.

Y-direction
Preferential air entrainment
directions

z2

z3

z1
X-direction

Figure 3

Preferential air entrainment in the plume. The air entrains preferentially along the Yaxis

The plume was studied assuming that it presents a Gaussian profile, therefore, the radius is defined as
the distance at which the temperature or the velocity is e-1 ≈ 0.368 times the central value. As the
profile is elliptical two radii must be calculated at each level. These radii can be calculated
considering either the temperature profile or the velocity; both were calculated and average values
were considered for the following calculations. The volume flow was obtained by integrating the
velocity profile across the plume area. The following figure, Figure 4, shows the growth of the radii
along the X and Y axis, for three different HRR:
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Y axis

0,0

Figure 4

0,5
1,0
Radii length (m)

1,5

Height above the flame tip (m)

Height above the flame tip (m)

X axis

0.8 MW FDS Simulation
5,0
4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

X-axis
Y-axis

0,0

0,5
1,0
Radii length (m)

1,5

1.2 MW FDS Simulation

Height above the flame tip (m)

0.4 MW FDS Simulation

5,5
5,0
4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

5,0
4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

X-axis
Y-axis

0,0

0,5
1,0
Radii length (m)

1,5

Comparison between the radii growth along the main axis for 0.4 MW, 0.8 MW and 1.2
MW.

These results are in agreement with the hypothesis previously discussed: there is preferential air
entrainment direction along the Y-Axis. While the radius along this direction grows by about 300 %
as the height is increased, the radius along the X direction grows less than 20 %.
The burner was also compared with equivalent natural fires in order to assess the accuracy of the
system in reproducing a natural fire. It is not possible to consider all the possible fires which may take
place, therefore, a generic pool fire was chosen to compare the burner with. These fires were
represented by the Heskestad equation, Eq (3) and Eq (4), [3]:
∆𝑇 = 9.1 �

𝑇∞
2⁄3
(𝑧 − 𝑧0 )−5⁄3
� 𝑄𝑐̇
2
2
𝑔 𝐶𝑝 𝜌∞

𝑧0 = 0.083 𝑄̇ 3⁄5 − 1.02 𝐷

(3)
(4)

In a natural (diffusion flame) fire the radiation fraction is generally held to be between 30% and 40%
depending on the fire conditions. Therefore only 60% or 70% of the fire power is transferred to the
smoke plume. Taking typical values for a natural fire (65 % for the convective fraction and 35 % for
the radiative fraction) and considering the earlier calculation of the radiation from the premixed flame
(98% of the heat transferred as convective heat) at its maximum power, the burner will produce the
same convective heat as a 1.8 MW natural fire:
Natural fire → 1.8 MW · 0.65 = 1.17 MW (convective heat)
Premixed fire →1.2 MW · 0.98 = 1.176 MW (convective heat)
Figures 5 and 6 show the comparison between the central temperatures of the burner and a natural
fire, represented by Heskestad equation, for 0.8 MW and 1.2 MW. Only the region above the flame
tip is considered since the combustion mechanisms are different and they are not relevant for the
purpose of this work:
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Temperature (°C)

Temperature (°C)

4

4

100 200 300 400 500 600 700 800

Comparison between the values for centre-line velocity and temperature for a pool fire of
1.2 MW (represented by Heskestad equation) and data obtained from a simulation of the
smoke testing system running at 0.8 MW
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5
4
1.8 MW
Pool Fire

3
2

1.2 MW
Burner FDS

1
0
0

100 200 300 400 500 600 700 800

Temperature (°C)

Comparison between the values for centre-line velocity and temperature for a pool fire of
1.8 MW (represented by Heskestad equation) and data obtained from a simulation of the
smoke testing system running at 1.2 MW

REAL TEST IN AN INDUSTRIAL FACILITY. COMPARISON WITH SIMULATIONS
During the test campaign a complete smoke test was also carried out. Each of the four different HRR
were produced for a period of time between 10 to 15 minutes. Twenty temperature sensors were
positioned on the ceiling divided into four chains of four sensors and two chains of two sensors. The
sensors were placed at 25 cm, 75 cm, 125 cm and 225 cm below the ceiling, in each of the four
elements chains, and at 25 cm and 75 cm for the two elements chains. The chains were positioned at 5
meters, 10 meters and 20 meters from the burner.
These tests were later simulated in FDS, in order to test the predictive capabilities of the FDS model.
The results presented and discussed below correspond to the burner running at 0.8 MW, equivalent to
a natural fire of about 1.2 MW.
The comparison between the temperatures collected during the tests and the temperatures obtained
from the simulations show an excellent agreement between the measurements and the model
predictions. These results demonstrate the capability of the model to predict the results of the smoke
testing system. Data from three different points are presented to support the previous statement:
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Simulation
FDS

40
30

Real test.
Sensor 11

20
10

0
0

200

400 600
Time (s)

800

0
0

200 400 600 800
Time (s)

Comparison between the temperatures (°C) measured during the tests and the
simulations in FDS for the burner working at 0.8 MW. Sensor 1 was placed at 5 meters
from the burner and 25 cm under the ceiling. Sensors 7 and 11 were placed at 10 and 20
meters respectively both at 125 cm under the ceiling.

DESIGN OF SMOKE TESTS
When a smoke test is designed the aims and objectives of the test must be clearly established. Suitable
results should be obtained from these tests in order to evaluate the quality of the smoke management
system installed in the premises. The concept of a "realistic smoke test" must be always carefully
considered because a totally realistic hot smoke test may damage the facility under investigation (e.g.
a tunnel, warehouse, etc.) and reduced smoke quantities and temperatures may not be able to
adequately assess the performance of the installed ventilation system.
As was previously discussed, the presented smoke testing system can reproduce fully adjustable fires
up to 1.8 MW. In situations where the design fire for a particular scenario is l.8 MW or lower, the
system can be used to replicate the smoke production and smoke spread properties of such a fire, at
full scale, with clean smoke. In situations where a larger design fire is required, a test can be carried
out at a reduced power (up to 1.8 MW), this can be modelled in FDS and the model calibrated to the
test data, then the ‘validated’ model can be used to simulate the larger fire scenario.
One of the many benefits offered by the system is the reproduction of specified fire growth-curves. A
‘t2-curve; is widely used to define design fires, such fires can be replicated by this system.
Furthermore, the system can replicate any other fire growth curve, for example, the sporadic growth
rate observed in a car fire test could be reliably and repeatably reproduced using this system. These
capabilities make the system an ideal choice to test and demonstrate the capabilities of fire detections
systems as well as ventilation systems. Detection systems aim to discover a fires as soon as possible
during the growth phase. Rapidly growing pool fires and constant HRR burners are therefore poor
tests for detection systems. The presented smoke testing system can be programmed to provide
realistic fire curves, and hence test the capabilities of detection systems.
CONCLUSIONS AND FUTURE WORK
The smoke testing system presented here offers the possibility of carrying out smoke tests equivalent
to a 1.8 MW fire using a premixed gas burner. The system has a number of advantages over current
hot smoke and pool fire tests, including:
-

Full control of the HRR in real time, allowing any fire curve to be replicated.
Clean smoke, which considerably reduces the post-test cleaning activities.
Tests can be carried out at up to 1.8MW for up to 46 minutes.
Ease of use and rapid repeatability.
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The smoke testing system has also been accurately simulated using a validated FDS model. This
allows further scenarios to be considered, beyond the limitations of the experimental apparatus.
The smoke testing system is being tested in a number of other geometries, including a full scale
tunnel, in order to reinforce the results presented in this work. Results from these tests will be
published in due course.
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ABSTRACT
The current paper presents a model of semi-transversal tunnel fire ventilation. The model is based on
mass, momentum and heat balance in fire plume as well as ceiling layer. The analysis of the
interaction among fire, smoke extraction and tunnel ventilation has led to two essential conditions for
an effective ventilation system once the fire size and smoke extraction capability have been given.
The first concerns the efficiency of smoke removal and determines the minimum fire size
corresponding to a given extraction system. The second sets the minimum Froude number of tunnel
ventilation in order to prevent the spreading of ceiling layer beyond the extraction point. By defining
the limits of the system, the risk of over and under ventilation can be reduced since either of them
may lead to the destruction of ceiling layer.
KEYWORDS: tunnel fire, smoke management, transversal ventilation.
NOMENCLATURE
D
Fr
g
H
L
m
p

Width of fire plume (m)
Froude number
Gravity (m/s2)
Tunnel height (m)
Flame height (m)
Mass flow rate (kg/s)
Pressure (N/m2)

s
Q
T
u
w
x
z

The width of extraction point (m)
Total thermal power (W)
Local temperature in fire plume (K)
Local velocity (m/s)
Tunnel width (m)
Longitudinal coordinate (m)
Vertical coordinate (m)

Ω

The volume flow of extraction (m3/s)

s
t
v

Gas property at the extraction point
The lower edge of smoke layer.
Property of ventilation air.

Greek
δ
ρ

Thickness of smoke layer (m)
Air/smoke density (kg/m3)

Superscript /Subscript
΄
f
r

Dimensionless quantity.
Property of fuel
A point in the developed ceiling layer
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INTRODUCTION
Semi-transversal ventilation is often used in road tunnels for fire protection. Comparing with
longitudinal ventilation, it is more complicated to manage. In case of fire in a bidirectional traffic
tunnel, the system extracts smoke out from the nearest smoke dampers and keeps the ceiling layer
stable by means of tunnel ventilation from portals. Under tunnel ceiling, the ventilation air also acts
against the development of ceiling layer to limit its spreading. However, large longitudinal ventilation
velocity may onset instability of the smoke layer and cause turbulence mixing between hot smoke and
cold air which will eventually destroy the smoke layer. PIARC[1, 2, 3] has issued design guidelines
on managing smoke with a semi-transversal system. Experimental works have also been carried out to
search for better smoke extraction methodology in the cases that longitudinal fire ventilation can't
provide the required safety.
In 2011, Ingason and Li[4] carried out model scale fire tests with point extraction. Wood cribs were
used to simulate vehicle fire. The maximum simulated HRR might be as high as 500MW according to
Froude scaling. Based on their experiment, Ingason has pointed out that an effective smoke extraction
system can only be established when sufficient fresh air are supplied from both sides of the fire.
Although he did not quantify the word of sufficient, the published data was self evident that the
supplied mass of air should be sufficient to balance that of the extracted smoke. With equivalent heat
release rate of 500MW, the corresponding longitudinal air velocity was found to be 2.9m/s that is
considerably lower than in the earlier experiments by Vauquelin et al.[5,6]. Their experiments were
carried out with isothermal helium/nitrogen mixture. Buoyancy has been simulated by the density
difference of different gas components in the mixture instead of temperature difference of the same
gas as in a real fire. Along the plume in Vauquelin's experiment, buoyancy would be a constant. The
larger than expected buoyancy force generates gas momentum that requires high ventilation velocity
to balance it. It is why Vauquelin et al had found that they needed the equivalent ventilation air
volume flow up to 370m3/s for a 10MW fire.
More recently, Hu et al. [7] has experimentally studied the behaviour of smoke layer under the
condition of centre point extraction (the fire site was right under the extraction point). Both there
experiment and CFD simulation shows that when the longitudinal ventilation in tunnel becomes truly
asymmetric, the behaviour of the smoke plume is similar to that in longitudinal ventilation.
Large scale experiment such as the Memorial Tunnel Test Program [7] had also been carried out to
investigate the fire/smoke behaviour in real tunnel under common design conditions. For semitransversal ventilation system, it has been found that both extraction and longitudinal airflow are
crucial parameters. Extraction and longitudinal airflow, when coupled, can significantly increase the
capabilities of a ventilation system in the management of heat and smoke during a fire. What has been
emphasised here is the word "coupled". As being demonstrated in the experiment by Ingason and Li,
the coupling implies the basic mass conservation in the system and the momentum balance between
smoke and ventilation air. What has also been observed in Memorial tunnel test program is that the
depth of the smoke layer increases with fire size.
In the current paper, a theoretical model of semi-transversal ventilation has been proposed in order to
reveal the logical relation among the design parameters such as fire size, ventilation, tunnel height and
smoke extraction.
THE MODEL
When fire occurs in a long bi-directional traffic tunnel, the risk to life is symmetrical along the tunnel
length. Smoke, that should not be pushed in either direction, must be removed from the traffic room
of the incident tunnel. The extraction point(s) should be as close to the fire site as possible. Between
the fire site and the extraction point, smoke layer should be kept stratified and beyond the reach (in
terms of heat, visibility and contamination) of tunnel users.
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Figure 1

The ventilation model

Figure 1 shows the two dimensional semi-transversal ventilation model in the current study. The flow
field is symmetric to the central of fire plume therefore only half of the plume is shown in Figure 1.
The ventilation velocity uv is uniform and it has held the development of the ceiling layer therefore a
steady state flow field has been established. Also, the temperature of smoke is assumed to be so high
that buoyancy has prevented the mixing of fresh air with smoke across the bottom of the ceiling layer.
By ignoring the momentum and heat losses on the surface of tunnel wall, the thickness of the ceiling
layer δ can be assumed constant until being arrested by the ventilation flow. The development of fire
plume is governed by[8]
dm
= ρ v uv
dz

(1)

d (mu z )
= wD (ρ v − ρ )g
dz

(2)

d (mh )
= ρ v uv hv w
dz

(3)

Going into the ceiling layer, there are two distinctive sections as shown in Figure 2.

a
Figure 2

b

The turning region and extraction point

The hypothesis here is that the ceiling layer is driven by the stagnation of fire flame[8]. It builds the
link between the horizontal velocity at point r to the vertical velocity at point t in Figure 2a.
u x2,r = u z2,t

(4)

In the smoke of fire, the content of combustion product would be negligibly small comparing with the
accreted air. In this sense, it would be safe to say that smoke is the air heated up by fire. Referring to
Figure 1, this statement can be translated into the mass balance between the vertical smoke column
and the ceiling layer
δρ r u x ,r = (H − δ )ρ v u v

(5)
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In ventilation designing, the volume flow Ω through damper s in Figure 2b is often predetermined by
extraction fan therefore known. If the front of smoke layer has been stopped by the combined action
of extraction and tunnel ventilation, the mass, momentum and energy balance around the extraction
point s can be written as
Ωρ s = M v

(6)

βM v u x , r − M v u x , s = (1 − β )M v uv

(7)

M v hs − βM v hr = (1 − β )M v hv

(8)

where M v = Hwρ v uv is the total ventilation air flow. us , hs and ρ s represent the velocity, enthalpy and
density of smoke/air mixture at damper s. β in (9) is the extraction efficiency defined as the mass ratio
of smoke to the total mass extracted. In the current model, it can be expressed by
β=

δwρ r u x , r

(9)

Mv

THE SOLUTION
The same procedure as described in [8] solves Eq. (1) to (3) within the fire plume from the surface of
fire pool up to point t just before the turning region as in Figure 1 and Figure 2a. It gives
u′z =

1  (1 − l ′)

ln (1 + z′) + l ′u′f 
z′ + l ′  2 Fr 2


(10)

1 − l′
z′ + l ′

(11)

T′ =

where u ′ = u uv , L = Q (2 wρ v uv hv ) , z ′ = z L , l = m f (2 wρ v uv ) , l ′ = l L , u ′f

= u f u v , T ′ = (h − hv ) hv

and the

Froude number is defined as Fr 2 = uv2 (gD ) . The difference of solution (10) and (11) from what were
given for the longitudinal fire ventilation in [8] is the fact that tunnel air supply for fire in Figure 1 is
from both sides symmetrically therefore the plume is strictly vertical. Only half of the heat released
from the fire goes into the ceiling layer in Figure 1 which is the reason for the constant 2 appearing in
Eq. (10).
Within the ceiling layer, Eqs. (5) to (8) lead to the following relations
β = Ω′


u′x , s =

(12)


l ′Q ′
Ω′Q ′
′
′
Q (1 − l ) − Ω′ 

(13)

Ω′
ln (1 + zt′ ) + β − 1
2 Fr 2

(14)

δ ′ = 1 −


zt′ + l ′
1 − l′

where δ ′ = δ H , zt′ = (H − δ ) L , u′x , s = us uv and Q ′ = L H . The air volume expansion due to the heat
added by fire can be expressed by
Ω′ =
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DISCUSSION
Equation (13) states that the thickness of ceiling layer increases with fire size. It is what has been
observed in large scale fire experiments such the Memorial Tunnel Test Program[7]. A finite ceiling
layer within the space of tunnel means the following condition
0<

δ
H

<1

(16)

Applying Eq.(13), the above condition becomes
Q′ >

Ω′
1 − l ′(1 − Ω′)

(17)

It states that for a given smoke extraction capability or fan size, the fire size should be large enough to
achieve effective smoke extraction. The above condition has been shown as the surface in Figure 3.
Any ( Q′ , Ω′ ) pair above the surface will lead to ineffective ventilation.
Equation (13) has also suggested that smoke extraction reduces the thickness of smoke layer.
However such effect relies on the heat loss of fire l′ . In the real world, l′ can never be zero therefore
this effect should be observable. It would be interesting to see this reliance being confirmed by
experiment.
In Figure 2b, if the ventilation flow is sufficient to stop the development of smoke layer after the
extraction point, the condition u′x , s ≤ 0 should prevail or, according to Eq. (14),
Fr 2 ≥

 1 − δ ′
Ω′
ln 1 +
2(1 − β ) 
Q ′ 

(18)

The above condition has provided the minimum tunnel ventilation requirement that should be
fulfilled, more often than not, by tunnel jet fans in the tunnel.

Figure 3

The min. Q’ or max. Ω’ surface

Comparing Eq. (18) with Eq. (14), the logarithmic function has been rewritten with δ ′ replacing z′t to
give a clearer physical meaning. As fire size Q′ increases, δ ′ increases towards 1.0 according to Eq.
(13). It means that the tunnel is filled by smoke and thermal stratification will diminish together with
the buoyancy effect represented by the logarithmic function.
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Figure 4 shows the surface of minimum Froude number as in condition (18). The Ω′ value in Eq. (18)
is the same as that in Figure 3 so that a Froude number in the space above the surface in Figure 4
satisfies both conditions (17) and (18).
It has to be point out that condition (18) only specifies the local tunnel ventilation requirement close
to the fire site. In tunnel design jet fan sizing is often dominated by the air momentum in tunnel due to
wind and barometric pressure difference between the portals.

Figure 4

The minimum Froude number surface

CONCLUSION
In this paper a theoretical model for semi-transversal ventilation is proposed. Based on the model, an
effective ventilation system should satisfy two basic criteria.
First, there is a minimum fire size for a given extraction capacity. If the fire is smaller than the
minimum size, the tunnel can't be smoke free outside the plume and ceiling layer. Putting it in another
way, there is a maximum extraction fan size for any given design fire. Above it, not only the
efficiency of the system will suffer but also, theoretically, not all smoke in the ceiling layer can be
removed from the smoke damper(s).
Second, in order to stop the development of ceiling layer beyond the extraction point, the Froude
number of tunnel ventilation defined by air velocity must be larger than its minimum given by
condition (18). As either fire size or the size of extraction fan increases, the tunnel ventilation air
velocity should also increase. As large tunnel ventilation velocity is not desirable in terms of ceiling
layer stability, condition (18) works as a constraint to the size of extraction fan.
In the process of deriving the above criteria, the model (Eq. 13) has also shown that the thickness of
ceiling layer in tunnel fire is proportional to fire size and decreases when the volume flow of smoke
extraction increases.
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INTRODUCTION
One of the most important objectives of the fire protection design of a building structure is to prevent
toxic smoke (fire gases) from spreading in an uncontrolled manner. Such spread is generally
prevented by physical barriers such as walls and doors.
One other method is to use air curtains. Most of the research and development of air curtains that have
been conducted is focused on comfort ventilation and the prevention of contaminants. There are also a
few articles with fire applications and some were air curtains are studied in tunnels. Some theoretical
work has been performed to investigate air curtains [1-4] for comfort ventilation, for example air
curtains in doors or in cold stores. Several factors influence the choice of air curtain capacity, the
geometry of the opening, wind effects pressure differences in the building and the temperature
difference inside and outside are all factors that must be valued and taken into account. Additional
applications of air curtains, where the aim is to prevent contaminated air from clean air in Air-Curtain
Cabinets is described in [5-6], in cleanrooms [7] and to prevent heat transport in cold rooms [8-10].
When air curtains are studied, it is often either through experimental tests or by the use of CFD
models (Computational Fluid Dynamics). The article [7] deals with the spread of contamination in
cleanrooms. An air curtain is used to ensure the evacuation from the clean room. The results show that
a maximum shielding effectiveness was measured at 0.86 (mass flow through the curtain was 86%
less than the mass flow from the discharge point). This, however, varied depending on how the
parameters were varied.
Earlier studies of air curtains in tunnels have focused on preventing the spread of contamination and
heat, for hygienic reasons, but to some extent investigated ideas to use the systems for fire
engineering solutions [11-15]. In article [11-12] the general efficiency of air curtains is specified to
somewhere between 60% and 85%. This should be compared with a solid barrier such as a regular
door with efficiency about 90-95%. In [11] two different models of air curtains are compared: a
single-jet and double-jet, i.e. an air curtain with only one nozzle, and an air curtain with two nozzles
next to each other. It was concluded that the single-jet in these experiments was most effective. The
article also discusses the problem that the air to the curtain must be retrieved from the tunnel therefore
there is a risk of short-circuiting effects.
In three other articles [12-14] the double-jet shielding effectiveness is investigated further concerning
heat and mass transfer. The investigations are based on CFD-simulations and experimental data. The
results show that, without the use of a radiation model, the temperature is underestimated. When the
radiation model is used the temperature is slightly overestimated in the computer models. The CFD
models are shown to have a difficulty to determine which direction the air flow from the air curtain is
drawn, which is, according to the authors, affected by the ambient conditions.
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In [15] a double jets ability to prevent heat dispersion from a fire in a tunnel is investigated. The tests
were performed in a model scale tunnel with a length of 3 m, 0,15 m height and 0,3 meters width.
This corresponds to a full scale road tunnel in 1:34. The distance between the two air curtains was
about 1,5 meters. The heat release rate was 7,5 kW and according to the article, this corresponds to 50
MW fire in full scale. The air curtains had two supply ducts each, one channel recirculated air from
the fire exposed side while the other one distributed the air from the non-fire exposed side.
Measurements were performed at one of the two air curtains. The result was according to the authors
promising in terms of being able to use air curtains for tunnel fire safety in the future. In [16] a type of
air curtain systems to prevent the spread of smoke with a focus on corridors in high rise buildings was
studied. The system was based on horizontal air curtains with exhaust and supply air.
In [17], tests and CFD calculations were carried out to study the effectiveness of an air curtain
preventing heat and carbon monoxide spread in a tunnel-like geometry (3,6 x 0,66 x 0,6 ). An air
curtain was placed 2,4 m from a diesel pool fire (2 kW). The experiment shows that the temperature
decreases by the air curtain and an increased outlet velocity decreased the temperature rise further.
The carbon monoxide concentrations also decreased with increased outlet velocity from the air
curtain. Fire Dynamic Simulator (FDS) was used to investigate the air curtain effect with respect to
carbon monoxide concentration in a longer and larger corridor geometry (88 m length and 2,65
height). Two fires were studied, 0,75 MW and 1,6 MW. The results from the simulation showed that
the concentration of carbon monoxide decreases noticeably between the two sides of the air curtain
depending on the air curtain discharge rate. In [18] air curtains in relation to jet fans for fire
applications in tunnels are briefly discussed. There is a limited amount of material around air curtains
with fire applications. It also shows that air curtains to different degrees can be effective. But there is
a need to test the air curtains with model tests focusing on underground facilities and subway stations
using (existing) robust systems. This article presents results from experimental study carried out in a
scale model.

THEORETICAL BACKGROUND
Scaling theory

The model was built in scale 1:4, which means that the size is scaled geometrically according to this
ratio. The method of scaling being used in the tests is the most widely used Froude scaling (table 1).
Information about scaling theories can obtained from for example Refs. [19–22].
Table 1. A list of scaling correlations for the model.
Type of unit
Heat release rate
(HRR),(kW)
Velocity (m/s)
Time (s)
Temperature (°C)
Force (N)

Scaling
QM/QF = (LM/LF)5/2
uM/uF = (LM/LF)1/2
tM/tF = (LM/LF)1/2
tM/tF =1
FM/FF = (LM/LF)3

The purpose of the air curtain here is to separate the fire room from an adjoining room or spaces to
prevent smoke spread. Somewhat simplified, the air curtain need to have enough force to resist fire
and any chimney effects. In case of a fire, hot gases will rise to the ceiling and form an upper smoke
layer. Here the fire room has large enough openings so that the room can be considered
decompressed. This is for example the case in a subway station where you have large openings via the
tunnel tubes. If this is not the case, that is if the fire occurs in a more air tight room, the temperature
increase and density decrease will cause the pressure to rise (in the order of hundreds of Pa). An
example of this is the initial stage of an apartment fire. In a pressure released fire room, the resulting
smoke layering results in a temperature gradient across the door opening, a lower cold layer and a
upper hot layer. Without an air curtain smoke will be forced out in the upper part of the door opening.
In the lower part, the cold air to be transported into the fire room. There will be a height-dependent
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pressure difference. Air curtains have fundamental similarities with jet fans where the situation is also
expressed in terms of the impulse (force in Newton (N)). In [23] the capacity of an air curtain is
described with the impulse J as the product of the width of the mass flow and exit velocity.
Where 𝜌 = air density, kg/m3, 𝐴 = the opening area, (width and length), m2 and 𝑢 = outlet velocity,
m/s.

EXPERIMENTAL SETUP

The starting point for the model tests was to investigate the ability of air curtains delivered by existing
products from preventing the spread of smoke in existing subway entrances. 1:4 model scale tests
were performed by SP in Borås. The model consisted of four main parts. The two major parts
correspond to the platform-track area and the escalator shaft. Between these two parts the door
opening and the air curtain was placed. It consisted of a pressurized box that with an opening above
the door with the length of length 0.53 m which is 3 cm longer than the door length (0,5m). The
opening width was varied during the tests. The outlet velocity was varied By varying the frequency of
the fan. The fire was a propane burner (rotameter). The dimensions are presented in figure 1. The
right section corresponds to platform and the inclined section the escalator shaft. Table 2 shows the
experimental procedure.
Table 2. Experimental and simulation events.
Time [s]
0
60
120
480
720
840

event
measurement start
air curtain start
Fire ignition
air curtain stop
fire stop
Test end

Figure 1. The experimental setup.
The temperature measurement was performed with five thermocouple trees placed in the model.
Another thermocouple tree (tt3) was placed on the other side of the doorway and the air curtain in
Figure 2, 90 mm from the doorway towards the escalator shaft. These thermocouples were located at
the same height as the thermocouple trees (tt2), i.e. 125, 250 and 375 mm from floor level. Another
two thermocouple trees (tt4, tt5) were placed at the bottom and at the top of the escalator shaft. The
365

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

thermocouples on these trees were located at heights of 200, 350 and 500 mm. Pressure measurements
were performed on four different locations in the model. The pressure gauges were differential
pressure transducer (Furness Controls Differential Pressure Transmitters). These were placed in the
chamber between the shaft and the platform part (P1), and the platform part (P2), and outside the
model as a reference pressure (P3) and fourth measuring point was placed in the pressurized box (P4).

TEST RESULTS
In the experiments the temperature increase in one point in the upper part of the staircase was studied.
(The middle temperature, t16, see Figure 2). The criterion for an accepted situation was a maximum
temperature rise of 5 ° C (△tcr < 5°C) with an activated air curtain measured with thermocouple tt16.
After test 1-3 it was found that △tcr was by far exceeding 5 ° C. In test 4-5 the air curtain was angled
15 ° towards the fire room. The effect on △tcr was noticeable. The temperature rise dropped from 27 °
C to 20 ° C in test 5, compared with test 1. But in tests 1-5 was also tendencies for under-ventilated
conditions was observed. To avoid this phenomena more openings were created in the fire room at the
floor level. During the first five tests the highest temperatures in the fire room (at the upper part of the
door opening t8max) were between 74-140 ° C.
In the next series of tests (8-12) the air curtain width were increased to 24 mm. In these cases, the
outlet velocity was 7.5 m / s which corresponds to impulse force of 0,86 N. Test 8 and 11 were
identical but the measured temperature difference was 8 and 6 ° C. In tests 8-12 the temperature
difference varied of between 6-13 ° C and t8max ranged from 68 to 103 ° C. At this stage of the
experiments the fan was replaced to another one with higher capacity. The maximum impulse force
obtained in the first twelve experiments was 1.1 N and the minimum temperature difference obtained
was 6 ° C. Test 12-15 were performed with an air curtain with 24 mm width and an outlet velocity of
17,5 m/s corresponding to an impulse of 4,67N. In these cases the heat release rate was varied
between 5-20 kW. In tests 14 and 15 the maximum temperature differences were 4°C and 3°C, i.e.
values under the assumed criterion of 5 ° C. In the next series of experiments (16-19), the capacity
was further increased. The width (s) was increased to 36 mm and the outlet velocity was 16 m/s
resulting in the impulse J = 5,86 N.
180
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0
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Figure 2. Temperature t8 as a function of the heat release rate in tests 12-25.
In the final test series (20-25) the capacity of the air curtain was further increased and the heat release
rates 5,10,20,30, 40 and 50 kW were tested. The width of the air curtain was 48 mm and the outlet
velocity was 15,2 m/s. Test 20,21 and 22 resulted in △tcr = 1,2 and 4 °C. In tests 23, 24 and 25 the
resulting temperature difference were 7, 10 and 12 °C. In these cases t8max were 35, 43 and 67 C.
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The temperature in the fire room and especially the temperature at the door’s upper part (t8max) is
crucial for determine the capacity of the air curtain. In Figure 2 the measured temperature at the
door’s top edge (t8max ) of the fire compartment as a function of heat release rate in tests 12-25 is
shown.
As mentioned before, the temperature increase in the escalator shaft was used as an initial criterion for
an effective air curtain. The value △tkr < 5°C was chosen.. The results of the tests show that the tested
minimum capacity required by the air curtain at (t8max) 40 °C (corresponding to 5 kW) is about 5 N to
meet the criterion. At 50 °C (10 kW) the tested required minimum capacity was also 5 N and at 70 °C
(20 kW) about 7 N. But these capacities are not necessarily the minimum required. For practical
reasons, they were the lowest that were tested. The same capacity required at 50 °C and 40 °C just
means that there is excess capacity at 40 °C.

CFD – CALCULATIONS
Three different cases corresponding to the performed model tests have been simulated. FDS (Fire
Dynamic Simulator [24]) version 5 was used. The grid size was 0,05 cm and the total number of cells
in the model was 1,1·106. The outlet velocity was 15,2 m/s, the width of the air curtain was 48 mm
and the length 0,53 m. This corresponds to the impulse 7,05 N. The angle of the air curtain was 15°
towards the room with the fire. The heat release rate was 5, 10, 20 kW corresponding to tests 20, 21
and 22. In these tests the temperature rise in was below 5 °C (△tkr < 5°C) which represents cases
where the air curtain works as a smoke barrier. The results of test 20 with 5 kW is shown below. The
results from the CFD-calculations are compared with the model scale tests results. The sequence of
events in the tests and the simulations are presented in Table 2. In Figure 3 the temperature results
close to the fire is shown. The CFD-calculations (tt1-tt5) and the corresponding model scale results
(Ch1-Ch5.) Ch5 and tt5 are placed at the roof (850 mm from the floor) and tt1, Ch1 125 mm from the
floor. The results show that during the time the air curtain is activated the correspondence between the
tests and the calculations are good. After 480 s when the air curtain is stopped a stratification of
temperature in the fire room appears and the difference between the calculated and the measured
temperature increases slightly. The largest difference occurs at 850 mm from the floor (close to the
ceiling), tt5 and Ch5. The difference is 10 °C. But at the floor (125 mm) the difference is only 2 °C.
The results show that the correspondence between the CFD-calculations and the model scale tests is
fairly good.
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Figure 3. Test 20, 5 kW. Calculated and measured temperatures (1-5).

367

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

DISCUSSION AND RESULTS
The model represented a part of an underground station with platform and escalator. Temperatures
were measured in the model at different positions and heights. The air curtain was installed between
the platform area and the rising staircase. Its capacity was varied in two ways: either by the use of
different widths of the gap through which the air was discharged, or by varying the discharge velocity.
The speeds in the tests ranged between 7-17 m/s, while the discharge gap width was varied over the
size range 12-43 mm, giving an impulse variation of between 0.9 and 7 N. If scaled up to full size
this corresponds to 58 and 448 N. Some of the products that are available on the market have
capacities to meet these requirements. Decisive parameters for whether the air curtain is effective or
not is the temperature on the hot side and the capacity (impulse) of the air curtain. The heat release
rate in the tests varied from 5 to 50 kW from a gas burner, equivalent to 0.2 to 1.6 MW on full scale.
Temperatures at the upper part of the door opening were measured as 60-120°C, with the spread
depending on the heat release rate. The tests indicate that, as found by earlier investigations in
connection with comfort ventilation, it is difficult to provide complete protection by means of air
curtains. The test criteria that were used were 5 °C temperature rise on the side to be protected from
the smoke.
The results show that it is possible to restrict the spread of smoke by means of air curtains, as long as
the system is designed to deliver a sufficiently high air flow. For the 5 °C criterion, temperatures up
to 67 °C on the hot side could be managed by air curtains in the test rig. A positive result from these
tests is that the necessary capacities for the air curtains are similar to those available from products
already on the market. The results show a good correspondence between the CFD-calculations and the
model scale tests. This implies that it is possible to simulate air curtains with FDS for different fire
cases accurately. Advantages of air curtains are that they are not physical barriers and there are
existing products. Disadvantages are that not fully smoke tight, they are sensitive to pressure
differences and high air velocities and they may require air ducts. But air curtains are a possible
technical solution to increase fire protection in for example underground facilities and can be a
complement to for example smoke exhaust ventilation of track area at the underground stations. These
introductory model trials and calculations should be complemented by full scale trials to investigate
the effect of different geometries and external factors such as wind. In Figure 4 an initial simulations
with FDS is shown. The geometry is based on a one exit underground station [25] with a 20 MW fire
50 m3/s exhaust flow from 10 openings above the track area. The left part of Figure 4 shows that
smoke is spread into the escalator bottom lobby. The right part shows the conditions with air curtains.
The outlet velocity is 20 m/s, the length of each curtain is 2 meters and the width 20 cm, the angle is
15 ° towards the platforms. This corresponds to an impulse of 192 N.

Figure 4. 20 MW fire with 50 m3/s exhaust air above the platform area with and without air curtains.
In the same report [25] is advantages and disadvantages of different smoke control systems discussed.
In table 3 are these discussed systems and a suggested system with air curtains and exhaust air
presented. Figure 4 shows the preliminary results of CFD-simulations with a system combining a
mechanical exhaust ventilation system with air curtains. One advantage of this system is that you can
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probably reduce the large air flows required for an explicit exhaust system. A disadvantage is that the
air curtain will increase the turbulence on the fire side.

Table 3.

Advantages and disadvantages of different smoke control systems including a combined
system with air curtains.

System

Advantages

Disadvantages

Pressurizing
supply air system

Relatively simple to install in
existing stations etc.

Does not extract smoke from the running
tunnels: long lengths of tunnel can suffer from
smoke

Requires no duct systems
Requires lesser air quantities than
a mechanical exhaust system
Mechanical exhaust
ventilation system

An effective system that extracts
smoke from the tunnel system
In comparison with the
pressurizing system, lesser areas
are affected by smoke

Mechanical exhaust
ventilation system with
air curtains

Smoke can reach the other platform
Mixed smoke layer
Large air quantities required
A system of air ducts is required

An effective system that extracts
smoke from the tunnel system
and prevents smoke spread

Large air quantities required, but probably less
compared with a mechanical exhaust system
without air curtains. Risk of turbulence.

In comparison with the
pressurizing system, lesser areas
are affected by smoke

A system of air ducts is required

CONCLUSION
It is possible to limit the spread of smoke with air curtains but it is probably difficult to reach the same
level as of a physical barrier such as door. Crucial parameters are the impulse force and the
temperatures in the fire compartment area. The test results show that with a temperature in the upper
layer at 50 ° C, 5 N is required of the air curtain to avoid a higher temperature rise than 5 ° C in the
escalator shaft. If the temperature is 67 ° C about 7 N needs to achieve a similar effect which
corresponds to 320 N and 448 N in full scale.
The CFD simulations show good agreement with the tests carried out. Initial CFD simulations also
indicate that a combination of air curtains and exhaust ventilation on an underground station could be
an alternative solution.
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ABSTRACT
Critical ventilation velocity remains the most studied phenomenon in the tunnel fire literature. But
focus on the velocity as the principal perameter may hide other features of the interaction between a
fire and tunnel flow. The throttling effect was identified in the 1960s and described in the 1970s, yet it
seems to be generally overlooked these days. In essence, the throttling effect is the tendency of a fire
in a tunnel to resist the airflow; the larger the fire, the greater the resistance. Thus, while it has been
shown that no increase in longitudinal flow velocity is required to control smoke from fires larger
than the ‘super critical’ limit, in practice, an increasing number of ventilation devices are required to
achieve this flow, and hence control the smoke from a fire, as the fire size grows. A CFD modelling
study using the FDS model has been carried out to demonstrate this effect. It is clearly demonstrated
that for fires larger than the ‘super critical’ limit, an increasing number of jet fans are required to
control the smoke from increasingly larger fires. The results of the modelling study are presented.
KEYWORD: Critical ventilation velocity, smoke management, CFD modelling, fire size
INTRODUCTION
As discussed by Ingason at the 9th IAFSS symposium [1], critical ventilation velocity (CVV) remains
the most studied phenomenon in the tunnel fire literature. The fundamental concept of smoke
management in longitudinally ventilated tunnels is that, for a given size of fire, there exists a ‘critical’
ventilation velocity sufficient to blow all the smoke produced by a fire to one side of the fire location
only. If the ventilation flow is below this level, a layer of smoke may extend away from the fire
location in the upstream direction, this is commonly referred to as “backlayering”.

Figure 1

An example of the variation of CVV with HRR, based on Oka and Atkinson [5]

The origins of the CVV concept can be traced back to Thomas in the 1950s [2], with notable
refinements and alternative formulations being proposed by Heselden in the 1970s [3] and Danziger
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and Kennedy in the 1980s [4]. The 1995 work by Oka and Atkinson [5] is the most influential paper
in the literature and was the first to adequately define the ‘super critical’ ventilation velocity (SCVV)
concept. In their experiments, Oka and Atkinson observed that there is a relationship between fire size
and critical ventilation velocity up to a certain limit, but that beyond this limit no increase in
ventilation would be required to control the smoke from fires with larger heat release rates (HRR).
This can be seen clearly in Figure 1. For many typical road tunnels, the SCVV is found to be about 3
ms-1, so many emergency ventilation strategies for longitudinally ventilated tunnels aim to achieve a
longitudinal flow of about 3 ms-1 in the event of any fire, in order to control smoke. Ventilation
studies since 1995 have tended to build on the work of Oka and Atkinson, adding various
complexities relating to features such as tunnel slope [6], aspect ratio [7,8] and the presence of
blockages [9,10], and the SCVV concept has become widely accepted in the industry.
When designing the ventilation system for a tunnel, the design engineer considers a prescribed ‘design
fire’ (generally expressed as a constant HRR) and specifies the capacity of the fans, etc. on the basis
of this, taking into account the possible presence of vehicles and other blockages in the tunnel.
Historically, design fires in the range 20-50 MW have been relatively common for road tunnel
ventilation design, although recent design guidance [e.g. 11] suggests that heavy goods vehicle
(HGV) fires could be in the range 70-200 MW, while fuel tanker fires could be higher still. For most
tunnels, fire sizes above about 30 MW fall above the super critical limit, so it might be tempting for a
tunnel designer to use a design fire of, say, 50 MW as the basis of the design, as the required
longitudinal flow would be no different for this than for a larger size of fire.
This line of reasoning, however, does not take the ‘throttling’ effect of a fire into account. The
throttling effect appears to have been known anecdotally in the mine ventilation industry since at least
the 1960s [12], but does not appear to have been studied systematically until Lee et al. in the late
1970s [13,14]. In essence, Lee et al. found that a fire in a tunnel tended to change the resistance of the
tunnel to ventilation flow, with larger fire sizes exhibiting greater resistance to flow than smaller fires.
The phenomenon was dubbed the ‘throttling’ effect as a section of tunnel containing a fire effectively
behaved as a section of tunnel with a reduced bore size; that is, the fire appeared to ‘throttle’ the flow.
Thus, if a fixed ventilation flow rate is desired, the power of the ventilation devices supplying the
flow will need to be greater if there is a larger fire, even though the resulting upstream flow velocity
will be the same.
The practical meaning of this is that if, for example, six jet fans are required to achieve a critical flow
of 3 ms-1 in a given tunnel to control the smoke from a 50 MW fire, if an 80 MW fire should occur, 6
jet fans will be insufficient to generate the required 3 ms-1 flow, and smoke control will not be
achieved.
The throttling effect, while discussed and detailed in the late 1970s, does not appear to have been
discussed in the tunnel ventilation literature since then. Once the discussion of smoke control became
expressed in terms of HRR and CVV, the question of the number or power of ventilation devices
being used dropped out of the discussion. Experimental studies of CVV utilised variable speed
ventilation devices, which were rarely used at peak flow capacity [e.g. 15,16], meanwhile
computational fluid dynamics modelling of tunnel fires has commonly imposed a fixed velocity flow
as a boundary condition on the computational domain, rather than explicitly incorporating the
capacity of the fans [e.g. 17,18].
Recent modelling studies by Colella et al. [19,20,21] employed a multi-scale modelling approach to
tunnel ventilation and explicitly modelled the ventilation devices as well as blockages and fires in the
tunnel, without imposing flow as a boundary condition. In this way the throttling effect was
essentially ‘rediscovered’.
This paper presents the results of a simple modelling study which seeks to demonstrate that while the
CVV required to control smoke does not vary with fire size beyond a certain limit, the number of
ventilation devices required to generate the critical flow continues to increase with increasing fire
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size. The aim is, essentially, to demonstrate the throttling effect of fire to a new generation of
ventilation engineers.
METHODOLOGY
As the intent of the project was to demonstrate an effect, not to model a specific realistic tunnel
configuration, a simple rectangular tunnel geometry was chosen, and a relatively short computational
domain was used for most of the simulations. The limitations of these assumptions will be discussed
below. The project used the Fire Dynamics Simulator (FDS), version 5.5.3 [22] for all simulations.
The tunnel modelled was 100 m long, 8.0 m wide by 6.5 m high (52 m2 cross-section). The upstream
and downstream domain boundaries were specified as open at atmospheric pressure, while all the
tunnel surfaces were defined as adiabatic, using the default surface roughness for concrete.
The fire source in the majority of simulations was modelled as a burner of fixed dimensions (3 m
wide × 4 m long × 1 m high), positioned symmetrically in the middle of the tunnel, but closer to the
‘upstream’ portal than the ‘downstream’ one. The centre of the fire source was positioned 32 m from
the upstream portal and 68 m from the downstream one. Seven ceiling mounted jet-fans were
modelled, side by side, at 25 m upstream of the fire. These were considered to be 0.5 m high by 0.5 m
wide and were positioned 0.5 m below the tunnel ceiling. A typical configuration of the fans is shown
in Figure 2. It is acknowledged that this is an unrealistic configuration of fans, but it is stressed that
the design of the tunnel has been chosen to demonstrate an effect, not to represent a realistic tunnel
configuration.

Figure 2

An example configuration of jet fans in the model tunnel.

Rather than impose a prescribed airflow at the domain boundary, the flow within the domain was
generated entirely by the jet fans within the domain. Each fan was modelled as an obstruction of zero
thickness, with a fixed airflow velocity at the downstream surface, in the manner suggested in the
FDS user guide [22]. After a few preliminary simulations, the outlet velocity was fixed at 35 ms-1 for
each fan, as this provided sufficient flow to investigate smoke control for fires ranging from 10 to 90
MW. In these simulations, jet fans were considered either ‘on’ or ‘off’, no fans were modelled as
operating at reduced capacity in any of the simulations.
In each simulation, the fire was specified as having a fixed HRR from t = 0 and for the duration of the
simulation time, which was 840 s in each case. In each simulation, the fire and all seven jet fans were
initiated at time t = 0, and the jet fans were then switched off at 120 s intervals thereafter. The jet fans
were switched on and off in such a way that each combination of fans was reasonably symmetrical
across the width of the tunnel.
In line with good modelling practice, a grid refinement and sensitivity study was carried out. As a
result of this it was found that a computational mesh of 0.25 × 0.25 × 0.25 m cells was required in the
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vicinity of the fans and around the fire location, but a coarser mesh could be used downstream of the
fire (from the tunnel midpoint to the downstream portal). In most simulations, the domain contained
about 225,000 cells.
An array of virtual velocity probes was positioned 2 m upstream of the edge of the fire object, as
shown in Figure 3. Backlayering was deemed to have been eliminated in a given simulation (that is,
the flow was deemed to be above CVV) if the flow was found to be positive at all measurement
points.

Figure 3

Location of the velocity probes in the model.

RESULTS
Nine simulations were carried out for fire HRR of 10, 20, 30, …, 80 & 90 MW. Figure 4 shows a
summary of the results for the minimum fan combinations required to prevent backlayering. Using the
method derived by Wu and Bakar [7], the super critical ventilation velocity for the simulated tunnel
was calculated to be 3.4 ms-1, corresponding to fires of 30.3 MW and above.

Figure 4
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It is clear from Figure 4 that the number of jet-fans required to control smoke continues to increase
with increasing fire size above the HRR corresponding to the SCVV.
In the 80 MW and 90 MW simulations, not included in Figure 4, there was a small negative flow at
the lowest measurement points, even with all seven jet fans active, see Figure 5 (a), so backlayering
was not deemed to have been eliminated in these scenarios, even though the flow in the upper parts of
the tunnel was positive. This phenomenon is thought to be due to the close proximity between the fire
and the fans, as will be discussed below.
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As can be seen in Figure 5 (a), the flow in the tunnel generated by the jet fans is significantly far from
uniform at locations near to the fire. Thus a second series of simulations were carried out using a
longer computational domain, with a 50 m distance between the jet fans and the fire location. This
results in a considerably more uniform flow field at the location of the fire, as shown in Figure 5 (b).
The minimum jet fan combinations were also assessed using the 50 m longer computational domain,
and the results are broadly similar to the first series of simulations, see Figure 6.
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Ventilation flow profiles for (a) a 90 MW fire and all seven jet fans active, 25 m
upstream of the fire, and (b) a 60 MW fire with five jet fans active, 50 m upstream of the
fire.

Each of the results presented so far comes from a model which assumes the fire load is evenly
distributed across a fixed fuel area of 12 m2. That is, the heat release rate per unit area (HRRPUA)
varies between each simulation, while the surface area does not. This results in differences in the
Froude number (or the non-dimensional heat release rate, Q*) between simulations. A final series of
simulations were carried out in the longer computational domain, varying both the area and the
HRRPUA between simulations, in order to keep the Froude number constant between tests.
In this instance, the same broad pattern is observed, as shown in Figure 7. No minimum fan
combination is recorded for the 90 MW fire in this instance (33 m2 and 2722 kW/m2) as the maximum
seven fan combination was not quite able to control the smoke.
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Figure 6

Minimum jet fan combinations required to prevent backlayering, fans 50 m away from
fire.

Figure 7

Minimum jet fan combinations required to prevent backlayering, fans 50 m away from
fire and varying fire area.

CONCLUDING COMMENTS
From the above it is clear that the throttling effect is significant in all three cases modelled. This
shows that if, for example, a ventilation system design can be demonstrated sufficient to control the
smoke from a 50 MW fire, this does not mean that the ventilation system would be sufficient to
control the smoke from fires larger than this limit, even though the required airflow velocity is the
same for larger fires.
Ventilation system design should not be made on the basis of a ‘critical’ ventilation velocity,
independent of fire size considerations, but rather should be made on the basis of the size of the
largest credible fire scenario for the specific tunnel in question.
In tunnel design for fire safety, the throttling effect must be considered.
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Computational Study of Tunnel Ventilation Effects on
Fire Development in Rapid Transit Vehicles
Adrian Milford, Keith Calder, Peter Senez & Andrew Coles
Sereca Fire Consulting Ltd., Richmond, British Columbia, Canada

ABSTRACT
Establishing performance requirements for the engineering design of emergency ventilation systems
for tunnels and underground stations requires the quantification of fire development within the rapid
transit vehicles that will be used in these environments. Design fire sizes have traditionally been
established using historical methods of fire size estimation, which generally do not account for a
number of important parameters such as the specific vehicle geometry and the impact of tunnel
ventilation. In this study a Computational Fluid Dynamics (CFD) analysis is used to examine the
effect of tunnel ventilation on fire development in open gangway, interconnected rapid transit
vehicles. A prescribed burning rate approach is implemented along with material input parameters
that were derived from cone calorimeter testing of select transit materials.
The model results indicate that tunnel ventilation velocity has a significant impact on the peak fire
size, with increasing influence for a larger number of interconnected cars. With no forced ventilation
flame spread was predicted to be limited to the combustible materials located in the immediate area of
the fire. For the specific materials and vehicle configurations considered in this study, fire spread
through the full vehicle length was predicted above approximately 1.0 m/s ventilation velocity for 0%
tunnel grade, and approximately 2.0 m/s for ventilation downhill at 6% grade. For the scenarios in
which the fire spread beyond the initial ignition area, the predicted peak fire size was larger with more
interconnected cars. For all three vehicle configurations the peak heat release rates were higher for 0%
tunnel grade when compared with the downhill ventilation scenarios. Predictions of the smoke
backlayering characteristics from the CFD modelling were found to be similar to the critical velocity
values that were estimated using well-established semi-empirical calculations.
KEYWORDS: Tunnel ventilation, rapid transit vehicle, design fire, heat release rate
INTRODUCTION
Fire development within rapid transit vehicles is a significant parameter in defining and implementing
an engineering design for ventilation control in tunnels and underground transit stations. Fire
hardened (i.e. fire retardant) materials can limit incipient fire growth; however, a greater
understanding of the range of parameters that can influence fire development would assist in
quantifying corresponding risk context and facilitate selection of the most suitable design parameters
for a particular vehicle and system. Pertinent variables include ventilation, materials, geometry,
window failure, car interconnection and suppression. An under-predicted design fire could result in
life safety risks as the ventilation system may be less capable of managing smoke in the event of a
fire, while an over-predicted design fire would correlate with unnecessary expenditure on excess
ventilation capacity.
Historically, quantification of fire size and growth behaviour within rapid transit vehicles is limited to
a relatively small number of vehicle tests and reports from actual train incidents. From this
information, there is significant variation in the specific train materials, ages of vehicles, vehicle
configurations, and the extent of the reported test/fire details. Accordingly, there is significant
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variation in the fire sizes resulting from these fire tests and differing contexts in considering the
analyses of historical fire events.
The objective of this study is to examine the impact of tunnel ventilation and interconnected vehicle
configurations on fire development within rapid transit vehicles using computational modelling. The
analysis utilizes a prescribed burning rate approach, incorporating material inputs that were derived
from experimental testing of transit materials.
METHODS OF CHARACTERIZING DESIGN FIRES
Requirements for tunnel ventilation systems have traditionally been assessed using a pre-determined
design fire that is based on historical methods of fire size estimation. These methods largely focus on
a fire in single train car, and have been based on factors such as the total train combustible content
with an assumed burning duration and combustion efficiency that is based upon available train fire
data, or vehicle-wide summation of material burning properties.
In the historical methods of fire size estimation, the influence of parameters that affect fire size, such
as the specific geometry of the vehicle and the impact of the ventilation conditions, are not accounted
for. Other analysis methods have been applied to examine the ventilation effects on fire sizes in rapid
transit vehicles. For example, in the application of the post-flashover model the fire is assumed to be
ventilation-controlled, and the subsequent burning rate is estimated as a function of the available
oxygen. However this analysis technique assumes that fully-developed fire conditions exist within the
vehicle (or vehicles). A detailed description of the use and evolution of the historical methods and
post-flashover model are provided by Chiam [1] and Dowling et al. [2].
More advanced methodology, such as Computational Fluid Dynamics (CFD) analysis coupled with
material properties calculated from small scale test results allows for the estimation of fire
development and peak fire size for a specific train and tunnel configuration. This allows for an
assessment of the impact of complex factors including ventilation, geometry, and material
configuration and their impact on the predicted growth and development of a fire.
ANALYSIS METHODOLOGY AND LIMITATIONS
This study utilizes prescribed burning-rate CFD methodology in order to evaluate the impact of
vehicle configuration (specifically the extent of car interconnection) and tunnel ventilation conditions
on the predicted fire behaviour within rapid transit vehicles. Small scale testing was used to determine
the ignition and burning characteristics for select rapid transit vehicle interior materials. Effective
material properties are required to establish model inputs used to predict fire development
characteristics and peak heat release rates (HRR) under a range of ventilation conditions.
Three-dimensional models of an interconnected open-gangway rapid transit vehicle were created for
three different vehicle configurations. The interior surfaces were assigned effective material
properties and ignition characteristics based upon the data obtained from the small scale testing. The
same general interior arrangement was used for each vehicle configuration. Each material was
assigned an ignition temperature and prescribed heat release rate behaviour. Specified burning rate
CFD methodology was applied by Chiam [1] relative to the Singapore’s Circle Line and has been
utilized in the analysis of fires within residential and commercial buildings [3,4,5].
A fundamental limitation of this modelling approach is the lack of validated material data that is
generally available for the model parameters that are required to model flame spread, and the
subsequent cost that is associated with deriving these inputs from experimental testing. The materialspecific heat release rate and ignition characteristics that are derived from these experiments serve to
establish the combustion behaviour for each of the interior components within the model.
Accordingly, the experimental burning rate obtained from a material sample under a specific incident
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heat flux is assumed to be representative of the burning rate of the material in an actual fire.
The model represents fire spread on the basis of a material surface, on a grid cell-by-grid cell basis,
reaching its specified ignition temperature. Once ignited, the material releases heat at the pre-defined
burning rate derived from the small scale testing. The burning rate does not vary according to the
level of incident radiation, and as a result the ignition of materials at early stages of the fire and
subsequent flame spread in areas of low radiant heat exposure are expected to be over-predicted. This
over-prediction does not account for the effectiveness of fire hardened materials at resisting ignition
and reducing the propensity for flame spread at low heat fluxes [1]. Similarly, the heat release of
materials exposed to high radiative fluxes may be under-predicted depending upon the validity of the
heat flux used in the small scale testing relative to actual fire conditions.
CFD pyrolysis modelling [6,7] provides an alternative approach to flame spread modelling that can
account for the effect of incident radiation on the burning rate of ignited materials. Pyrolysis
modelling adds a level of complexity relative to the modelling approach adopted in this study in order
to provide a more detailed representation of material burning behaviour, and subsequently requires
additional input quantities for materials. These pyrolysis input properties require derivation from
experimental measurements using numerical optimization methods.
MATERIAL TESTING
Samples of interior materials that were obtained from rapid transit vehicles were sent to a fire testing
laboratory and tested in a cone calorimeter to establish the time to ignition, soot yield, and heat release
rate for a range of heat flux exposures. The testing was conducted in accordance with ASTM E135409 “Standard Test Method for Heat and Visible Smoke Release Rates for Materials and Products
Using an Oxygen Consumption Calorimeter”. The materials included seat material (padding with
cover), bellows material, floor covering, advertisement signs with clear plastic covers, light fixture
covers (polycarbonate), and glass separator film from windows and partitions.
Important model input parameters for the ignition properties of the materials, including ignition
temperature and thermal inertia, were derived based on a heat conduction analysis using the time to
ignition data obtained over a range of exposure heat fluxes [8]. The test data used for model inputs
were obtained using radiant heat fluxes of 50 kW/m2 for the major interior components (seats, floor,
and gang-bellows) and 35 kW/m2 for the minor components with the propensity to fall out of position
or melt during fire exposure (light fixture covers and advertisements with covers). The use of 50
kW/m2 in cone calorimeter tests as a representative exposure for fire development within transit
vehicles is consistent with the approach of previous studies of the fire performance of train materials
including those of the London Underground and NIST [9].The material properties used in this study
are summarized in Table 1, and the input curves for heat release are presented in Figure 1.
Table 1

Material ignition properties derived from cone calorimeter testing.

Material

Ignition
Temperature
Tig (°C)

Thickness
∆ (mm)

Conductivity
k (W/mK)

Density
ρ (kg/m3)

Peak Heat
Release Rate
Q"max (kW/m2)

Seat cover/padding

533

19.7

0.03

506

208

Floor cover

419

3.10

0.19

1637

342

Glass separator film

414

0.19

0.24

1368

84

Light fixture cover

518

2.03

0.43

1450

225

Advert and cover

518

2.45

0.43

1380

341

Bellows

447

2.00

0.43

1326

225
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Figure 1

Comparison of material heat release rates (per unit area) from experimental testing.

MODEL DESCRIPTION
The computational modelling in this study was conducted using Fire Dynamics Simulator (FDS)
version 5.5.3. FDS is developed by the Building and Fire Research Laboratory at the National
Institute of Standards and Technology (NIST). The model geometry consisted of a multi-car rapid
transit vehicle located within a 175 metre long segment of a single-track tunnel. Three open gangway
inter-connected train configurations were modelled; 2-car, 3-car, and 4-car trains, as shown in Figure
2. The car dimensions and seating configuration were intended to be representative of typical rapid
transit vehicles.

Figure 2

Overview of model geometry for 4-car train (top), 3-car train (middle) and 2-car train
(bottom). The vehicle roof assemblies are hidden for clarity.

The tunnel geometry is representative of a single-bore tunnel with a dividing wall between tracks
(Figure 3). A sensitivity study was conducted with an increased length of the tunnel segment to
confirm that the location of the simulation boundaries had a negligible impact on prediction of peak
HRR. Two tunnel orientations were examined, ventilation of smoke at 0% grade and ventilation
downhill at 6% grade, through modification of the gravity vector in the model setup.
The induced velocity of the tunnel ventilation system was modelled as a fixed-velocity vent across the
tunnel area at the upstream boundary of the tunnel segment. The tunnel ventilation system was
assumed to start 60 seconds after fire ignition and then ramp-up linearly over 60 seconds, reaching
full capacity 120 seconds after ignition. A range of tunnel ventilation velocities from 0 m/s to 3 m/s
were examined for each train configuration and tunnel grade, yielding a total of 80 simulations.
Failure of the train windows influences the ventilation conditions within the train. Window failure
was assumed to occur when the glass reached a temperature of 500°C, based upon experimental
observations of the fallout temperature for tempered glass with no sprinkler protection [10]. The train
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was assumed to be stationary within the tunnel at the effective time of fire ignition. All passenger
doors on the walkway side the train were assumed to open 60 seconds after fire ignition and remain
open for the remainder of the simulation. Initial ambient tunnel airflows due to piston effect were
ignored.

Figure 3

Overview of the train and tunnel segment geometry.

An initiating fire size of 150 kW was used for all simulations; representative of the peak heat release
rate for a burning trash bag filled with paper [11]. For each scenario the initiating fire was specified to
have a steady state HRR throughout full duration of the simulation, ignoring potential incubation,
growth and decay phases. This initiating fire specification yields an intense and continuous localized
ignition source that would surpass the actual heat exposure expected for a trash bag fire. The initiating
fire location was at floor level immediately adjacent to seats in the most upwind car of the train, as
illustrated in Figure 4.

Figure 4

Train interior geometry illustrating the initiating fire location.

A grid size of 0.2m x 0.2m x 0.2m was used for all simulations. A soot yield of 0.102 g/g was
implemented, based upon data obtained from the material testing, and a constant heat of combustion
of 27.8 MJ/kg was specified, representative of materials such as polyurethane foam and polycarbonate
[12]. Thermal properties for all materials were assumed to be independent of temperature. The interior
wall and ceiling panels were specified with the thermal properties of aluminum; however, potential
failure mechanisms for the aluminum panels during the fire, such as melting, were not modelled.
Other parameters that would influence fire development within rapid transit vehicles, such as the
specific initiating fire location and the configuration of seats, doors, and other combustibles within the
vehicles were not included in the scope of this analysis. Due to the range of materials and interior
configurations that are used in different types of rapid transit vehicles, the input parameters that were
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selected for this study are not intended to be directly representative of all modern rapid transit
vehicles, tunnel geometries, or slope conditions and should be considered on a case by case basis.
EFFECT OF TUNNEL VENTILATION ON FIRE DEVELOPMENT
The model HRR results for the train configuration with 2 interconnected cars are presented in Figure
5 for some of the simulations that were conducted at 0 % grade and 6% grade. For both tunnel
orientations increasing the tunnel ventilation velocity resulted in increased fire size. With no forced
tunnel ventilation the predicted fire size was approximately 2 MW, and the fire remained localized to
seats in vicinity of initiating fire location. Full train involvement (2 cars) was observed for tunnel
ventilation velocities above 1.0 m/s for 0% grade, and 2.0 m/s for 6% grade.

Figure 5

Heat release rates at 0 % grade (left) and 6% grade (right), 2 interconnected cars.

For 0% grade, increasing the tunnel ventilation velocity beyond 1 m/s yielded two different fire
growth regimes. The first regime was observed between 1 m/s and 1.5 m/s, where the fire growth rate
increased from the no-forced ventilation case during the first 300-400 seconds, as increased flame
spread occurred for the surrounding seats in both the upwind and downwind location from the
initiating fire location. After this point the flame spread against the ventilation direction subsided
while flame spread continued relatively slowly in the downwind direction. After approximately 900
seconds the fire progressed to the end of the incident car and involved the bellows, facilitating
increased fire spread into the adjoining car.
The second fire behaviour regime was observed above 1.5 m/s. The fire growth rate during the first
300-400 seconds decreased as the increased ventilation velocity hindered upwind fire growth,
resulting in the flame spread being concentrated to the adjacent seats and interior components that
were predominantly downwind of the incident fire location. Increasing the ventilation velocity
resulted in an increased flame spread rate downwind, resulting in earlier involvement of the adjoining
car and a larger peak fire size due to a greater amount of combustible material burning
simultaneously.
Similar behaviour was observed for the 2 interconnected car simulations at 6% grade; however, a
higher tunnel ventilation velocity of approximately 2 m/s was required to facilitate downwind spread
through the entire vehicle. Above 2 m/s, the fire growth rate was more sensitive to the tunnel
ventilation velocity when compared with the 0% scenarios.
The model predictions of the overall HRR for the 3-car and 4-car train configurations are presented in
Figure 6 and Figure 7 respectively. The observed behaviour was qualitatively similar to that observed
for the 2-car train. With no tunnel ventilation the flame spread was predicted to be limited to the
vicinity of the incident fire for ventilation velocities of 1.0 m/s and below at 0% grade, resulting in a
peak HRR of approximately 2 MW. Increasing tunnel ventilation velocity resulted in higher
predictions of the peak HRR.
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Figure 6

Heat release rates at 0 % grade (left) and 6% grade (right), 3 interconnected cars.

Figure 7

Heat release rates at 0 % grade (left) and 6% grade (right), 4 interconnected cars.

The predicted peak HRR for the three train configurations are plotted as a function of ventilation
velocity (upwind of the train) in Figure 8 for the 0% grade simulations, and in Figure 9 for the 6%
grade simulations. At 0% grade, all three train configurations yielded similar fire sizes from 0 m/s to
approximately 1.2 m/s. Above 1.2 m/s the sensitivity of the predicted peak HRR to the tunnel
ventilation velocity increased with an increasing number of interconnected cars. For 2 interconnected
cars, the peak HRR remained approximately constant above 1.4 m/s, while for 4 interconnected cars
the peak HRR increased by approximately 50% when the tunnel ventilation velocity increased from
1.4 m/s to 3.0 m/s.
At 6% grade the three train configurations yield similar fire sizes up to a ventilation velocity of 2 m/s.
At approximately 2 m/s each of the three configurations yielded a significant jump in HRR. The
observed increase in fire size at this ventilation velocity was approximately 8 MW for the 2 car train,
12 MW for the 3 car train, and 20 MW for the 4 car train. From 2 m/s to 3 m/s the three train
configurations yielded similar trends in the peak HRR relative to increasing tunnel ventilation
velocity.
Peak fire sizes for the higher ventilation velocities were less for downhill ventilation at 6% grade
when compared to 0% grade regardless of train length. The model results indicate that this reduction
in peak HRR and the sensitivity of the fire growth rate to the tunnel ventilation velocity at 6% grade
was greater with a larger number of interconnected cars.
BACKLAYERING CHARACTERISTICS
Within the context of emergency tunnel ventilation, backlayering is defined as the migration of smoke
against the intended ventilation direction. The critical velocity that is required to prevent backlayering
for a specified design fire is an important design parameter in evaluating the performance of a tunnel
ventilation system.
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The predictions of the critical velocity were obtained from the prescribed burning-rate CFD model are
compared with estimations that are calculated from the following semi-empirical relationship [13],
which was developed from a number of model and full-scale tests:


g ⋅ H ⋅ Ec
Vc = K g 
 Fr .ρ ⋅ C ⋅ A ⋅ T
f
 c ∞ p
Tf =






1

3

Ec
+ T∞
ρ ∞ C p AVc

(1)

(2)

The model predictions are plotted against the curve calculated from Eq. (1) in Figure 8 (for 0%
grade), and in Figure 9 (for 6% grade). In the above equations H is the tunnel height, A is the net
annular tunnel area, Frc is the critical Froude Number for a flow ventilating a fire (taken to be 4.5), Ec
is the convective HRR (assumed to be 70% of the total HRR), and Kg is an empirical grade correction
factor, given by:

K g = 1 + 0.0374( grade)0.8

(3)

Note that Vc calculated from Eq. (1) represents the critical velocity through the annular area between
the train and the tunnel walls. For direct comparison with the model boundary conditions this annular
velocity is converted to an equivalent tunnel velocity upwind of the train for the plots in Figure 8 and
Figure 9.

Figure 8

Peak fire size and backlayering predictions at 0% grade, compared with the critical
velocity predicted by Eq. (1).

For the 0% tunnel grade scenarios, the backlayering characteristics that were observed in the
simulation results are in good agreement with the critical velocity curve representing Eq. (1). Similar
backlayering behaviour was obtained for the three train configurations, in each case resulting in a
predicted critical velocity of approximately 1.4 m/s. At this velocity the predicted peak HRR were all
above 15 MW. The onset of backlayering for the 2-car and 3-car configurations coincide with the
curve from Eq. (1), while the critical velocity observed for the 4 car train was slightly lower than the
semi-empirical curve.
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The ventilation of smoke downhill correlates with a higher critical velocity for a given fire size when
compared with 0% grade due to the buoyant nature of hot smoke. However, for the train geometry and
materials that were considered in this study, the reduction in fire size for the 6% grade scenarios
relative to the corresponding 0% grade simulations resulted in predictions of a similar critical velocity
of approximately 1.4 m/s. In contrast to the HRR values that were observed at this critical velocity for
the 0% grade case, all three train configurations yielded fire sizes of approximately 2.5 MW at 6%
grade. Relative to the semi-empirical relationship defined by Eq. (1), the onset of backlayering for
these relatively small fire sizes was predicted to occur at a slightly higher tunnel velocity, as shown in
Figure 9.

Figure 9

Peak fire size and backlayering predictions at 6% grade, compared with the critical
velocity predicted by Eq. (1).

CONCLUSIONS
This study utilized prescribed burning rate CFD methodology to examine the effects of tunnel
ventilation and the number of interconnected vehicles for open gangway rapid transit vehicles at
tunnel grades of 0% and 6% (downhill ventilation).
For all three train configurations fire spread was predicted to be limited to the seats and other
combustibles located in immediate area of the initiating fire for ventilation velocities below 1 m/s (0%
grade) and 2 m/s (6% grade), resulting in a peak HRR of approximately 2 MW. Above these
ventilation velocities fire development through the full length of the vehicles was observed regardless
of the number of interconnected cars. For both tunnel grades a larger number of interconnected
vehicles resulted in a higher peak HRR for the velocities in which flame spread was predicted to occur
beyond in the incident area. The predicted fire sizes at 0% grade were larger than those for 6% grade
for the 2-car, 3-car, and 4-car configuration.
The rate of fire spread through the vehicle and the corresponding time to reach the peak HRR was
predicted to be more sensitive to the tunnel ventilation velocity for the downhill ventilation scenarios
where full-vehicle involvement was predicted. At 0% grade, increasing the tunnel ventilation velocity
resulted in a greater increase in the peak HRR with a larger number of interconnected cars. In
contrast, the trend of increasing HRR with increasing ventilation velocity was less sensitive to the
number of interconnected cars for the downhill ventilation scenarios at 6% grade, where similar rates
of increase was observed for the 2-car, 3-car and 4-car trains above 2.0 m/s.
The model predictions of the onset of backlayering relative to decreasing ventilation velocity were
compared with semi-empirical critical velocity estimations and were found to yield similar results.
The analysis suggests that the peak fire size relative to the risk of fire development requires careful
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evaluation for how this design parameter is prescribed. For the specific materials and parameters used
in this study the analysis indicates that if the external air velocities are below critical limits
(depending on tunnel configuration and gradient) then full vehicle involvement is unlikely to occur in
the event of localized ignition within the train.
REFERENCES
1.

Chiam, B., “Numerical Simulation of a Metro Train Fire”, PhD Thesis, University of
Canterbury, New Zealand, 2005.

2.

Dowling, V.P., White, N., Webb, A.K., and Barnett, J.R., “When a passenger train burns, how
big is the fire”, Proceedings of the 7th Asian-Oceania Symposium on Fire Science and
Technology, International Association for Fire Safety Science, pp 19-28, Hong Kong, 20-22
September, 2007.

3.

Madrzykowski, D., Vettori, R.L, “Simulation of the Dynamics of the Fire at 3146 Cherry
Road NE Washington D.C., May 30, 1999”, NISTIR 6510, Building and Fire Research
Laboratory, NIST, Gaithersburg, MD, April 2000.

4.

Madrzykowski, D., Forney, G.P, and Walton, W.D., “Simulation of the Dynamics of a Fire in
a Two-Storey Duplex – Iowa, December 22, 1999”, NISTIR 6854, Building and Fire
Research Laboratory, NIST, Gaithersburg, MD, January 2002.

5.

McGrattan, K.B., Bouldin, C., and Forney, G.P., “Computer Simulation of the Fires in the
World Trade Center Towers”, NIST NCSTAR 1-5F, Building and Fire Research Laboratory,
NIST, Gaithersburg, MD, September 2005.

6.

Lautenberger, C., Wong, W.C., Coles, A., Dembsey, N., and Fernandez-Pello, A.C.,
“Comprehensive Data Set for Validation of Fire Growth Models: Experiments and
Modeling”, Interflam 2010, Nottingham, UK, July 2010.

7.

Coles, A., Wolski, A., and Lautenberger, C., “Predicting Design Fires in Rail Vehicles”, 13th
International Symposium on Aerodynamics and Ventilation of Vehicle Tunnels (ISAVV 13),
New Brunswick, New Jersey, 13-15 May, 2009.

8.

Janssens M. L., Kimble J., and Murphy D, “Computer Tools to Determine Material Properties
for Fire Growth Modeling From Cone Calorimeter Data”, Proceedings of Fire and Materials
8th International Conference, p. 377-387, San Francisco, CA, 27-28 January, 2003.

9.

Peacock, R.D., Braun, E., “Fire Safety of Passenger Trains – Phase I: Material Evaluation
(Cone Calorimeter”, NISTIR 6132, Building and Fire Research Laboratory, NIST,
Gaithersburg, MD, March 1999.

10.

Kim A. K., Taber B. C., and Lougheed G. D., “Sprinkler Protection of Exterior Glazing”, Fire
Technology, Vol. 34, No. 2, National Research Council, Canada, pp.134, 1998.

11.

Sardqvist, S., “Initial Fires – RHR, Smoke Production and CO generation from Single Items
and Room Fire Tests”, Institute of Technology – Department of Fire Safety Engineering,
Lund University, Sweden, pp. Y3.4/20-23, April 1993.

12.

DiNenno, P.J. (Editor), “Appendix C – Fuel Properties and Combustion data”. In The SFPE
Handbook of Fire Protection Engineering, 3rd Edition, NFPA, Quincy, Massachusetts, 2002.

13.

Parsons, Brinckerhoff, Quade and Douglas Inc. and Earth Tech Inc., Subway Environmental
Design Handbook Volume II, Subway Environmental Simulation Computer Program SES
Version 4.1, Part I, User’s Manual, Report No. DOT-VNTSC-FTA-03-04, February 2002.

390

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

The recent improvements in the fire safety in the
Marseilles tunnels and metro network
Eric Casalé1, Olivier Vauquelin1, Dominique Monnier2, Charles Bénichou3 & Gabriel Giovannelli4,5
1
Aix-Marseille Université, Marseille, France
2
Société Marseillaise du Tunnel Prado-Carénage (SMTPC), Marseille, France
3
Régie des Transport de Marseille (RTM), Marseille, France
4
Centre Scientifique et Technique du Bâtiment (CSTB), Champs sur Marne, France
5
Efectis Outlabs Ventilation, Lyon, France

ABSTRACT
This paper refers to the recent developments in the tunnel safety in several Marseilles tunnels and
underground networks. The relevant works are generally existing infrastructures, which safety level is
thus upgraded. The common characteristic of the projects is the significant increase of the
effectiveness of the smoke control in the case of a fire. In all the projects, the mechanical ventilation
system is used in order to provide the local aeraulic conditions according to the safety objectives.
The underground facilities concerned by those improvements are the Prado-Carénage road tunnel, the
Noailles tramway tunnel, the metro line 1 extension and the older sections of the metro tunnels and
stations.
The upgrading studies and works are based on the available knowledge relevant to the smoke
propagation and convection in tunnels, under the influence of the longitudinal ventilation.
KEYWORD: Smoke propagation, tunnel, ventilation regulation loop, automation
INTRODUCTION
The underground transport facilities are located close to the centre of Marseilles (Figure 1). The
ventilations and the smoke control studies were performed on the following tunnels and metro lines:
- The Noailles tramway tunnel and station;
- The metro line 1 extension to the east;
- The metro lines 1 and 2;
- The Prado-Carénage tunnel.
The improvement of the safety level in those facilities was decided in collaboration between the
contractors, the operators and the fire brigade. The safety objectives refer to the main phases of the
smoke control:
- The self-rescue phase;
- The firefighting phase.
Each of the operation uses the elements of the state of the art at the moment of the project. These
elements mainly refer to the possible hot smoke control for each of the facilities and the possible fire
scenarios. The highest possible safety level is the objective.
In this paper, the detail of the dimensioning of the ventilation systems is not given. The sole
philosophy of the design and operation modes is discussed.
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Figure 1: Location of the projects in Marseilles
THE SMOKE PROPAGATION AND CONVECTION IN A TUNNEL
The technical background
The scientific and technical background of the innovations performed in the Marseilles rail and road
tunnels refers to the hot smoke propagation in complex volumes, under the combined influences of
the mechanical and natural ventilations [1].
The most significant findings refer to the hot smoke stratification and the longitudinal confinement.
One of the dominant aspects of the latter point is the critical velocity [2]. It is generally admitted that
controlling this velocity prevents any longitudinal confinement loss.
The critical velocity prevents the existence of the backlayering. Another approach was developed in
the 90ies, with the first attempts to develop fully automated ventilation control for the fire situation.
This is based on the longitudinal confinement of the smoke layer in both directions [3, 4]. The
propagation of the hot layer is influenced by many parameters:
- The heat exchanges (radiative, convective and conductive wall transfers);
- The mixing effects;
- The extraction capacity.
Generally, the longitudinal velocity requirement for stopping the development of the stratified layer
against the incident flow decreases along the tunnel. In the French regulation text, a value of 1 m/s is
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mentioned for preventing the propagation of the smoke downstream of an extraction shaft [5].
Many complementary works refer to the conditions of the hot smoke stratification in a tunnel, under
various ventilation conditions [6].
The practical experiences
The major reference in the domain of the active control of the smoke stratification and confinement is
the Mont Blanc tunnel renovation, after the catastrophic fire of 1999 [7]. Several complementary
approaches were considered in this project:
- The capacity of the longitudinal ventilation system (more than 70 jet fans) to face the effect of
a rapid natural ventilation evolution for maintaining a given longitudinal velocity in any
location of the tunnel;
- The extraction capacity compatible with the confinement of the smoke layer, even for high
heat release rate fires;
- The structure of the ventilation control system, compatible with a centralized regulation of the
ventilation system.
In the Mont Blanc tunnel, the structure of the ventilation control in the case of a fire is based on the
following steps:
- A soon as a fire is suspected in the tunnel, a first set of reactions is in place (reduction of the
fresh air transversal ventilation level, jet fans stopped, extraction a a minimum rate);
- As soon as the location of the fire is confirmed, a second set of reaction is in place (the
remote controlled extraction dampers are open in the fire area, the extraction is at full
capacity, the anemometers and the jet fans in the fire area are inhibited);
- The regulation loop is started. The main steps are:
o The calculation of the velocity at the fire section, using the validated anemometers
and the continuity equation, since a transverse ventilation system is active;
o Comparison of the calculated velocity with the objective (0 m/s for the self-recue
phase and 3 m/s for the fire brigade intervention phase). Calculation of the thrust
correction;
o Time lapse;
o New loop.
This structure was developed for the Mont Blanc tunnel and it is generalized for all the new projects
using a regulation loop for the ventilation system.
THE REGULATION CONTEXT
In France, three regulation references must be taken into account for the facilities studied in this
paper:
- The fire safety for the places opened to the public. This reference gets an appendix referring
to the railways stations;
- The railway tunnels safety;
- The road tunnels safety [8].
Since 2004, an article of the first reference mentions that for the cases where the application of the
regulation rules does not provide an acceptable level, it is possible to apply a different approach. This
latter is based on engineering tools.
In all the studies discussed below, this approach was chosen, with clear objectives in terms of hot
smoke control.
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THE NOAILLES TRAMWAY TUNNEL
Presentation of the tunnel
This tunnel in connected to the Noailles underground station and the Boulevard Chave portal. It is a
630 m long tunnel.
Between 2004 and 2008, the tunnel was closed for a refurbishment program. The new Noailles station
was relocated just above the existing metro station (Line 2). This structure is completely integrated in
a global and quite complex public underground space. The former station was in a separated volume.
For technical reasons, it was not possible to modify the internal structure of the tunnel. Therefore, it
was not possible to keep as double track route for the tramway inside the tunnel. A single track was
installed. In this part of the tramway line, the traffic is alternative.
The tunnel was also equipped with a ventilation system. This system is mainly devoted to the smoke
control in the case of a fire. The mechanical means are common to the tunnel and the station. The
capacity of the tunnel and the station can be used in order to control the smoke propagation condition
wherever the fire is located.
Smoke extraction shafts

Chave portal

Noailles tramway station

Jet fans

Canebière
exit

80 m long extraction duct
Jet fans
To Capucins exit
(former tramway station)

Noailles
metro station

Figure 2

General scheme of the Noailles tramway station and tunnel

Figure 3

.
View of the current section of the tunnel (left) and the extraction duct and louver (right)

The mechanical ventilation dimensioning
The configuration of the underground space creates an aeraulic connection between the metro network
and the tramway station and tunnel. The ventilation capacities dimensioning studies take this into
account, but the ventilation influence of the metro (pistonning effects and mechanical ventilation) in
considered as a non-controlled effect as well as the natural ventilation.
The mechanical ventilation capacities are calculated are calculated on the following principles:
- Extraction capacity: The value of the air flow rate is calculated on the basis of the smoke
longitudinal confinement (Figure 4). On the fire side, if the stratification conditions are
394

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

controlled, it is considered that the longitudinal mass flow rate is about 0 kg/s. On the
opposite side, in order to prevent the smoke propagation beyond the shaft, the longitudinal air
velocity must be equal to the confinement velocity. In the project, this value was calculated
on the basis of the critical velocity, as defined by Kennedy [2]. The extraction capacity was
calculated according to the following formula:
Q = STunnel . (VCrit + V0 )

(1)

where VCrit is the critical velocity and V0 an additional capacity. It aims at taking into account
the under-prediction of the Kennedy formulation and other ventilation situations.
- The jet fans thrust was calculated on the basis of the control of the critical velocity under
pessimistic hypotheses (adverse chimney effect, strong fire, adverse natural ventilation). The
calculation takes also into account the fact that no extraction capacity is available. This
increases the thrust requirement.
The development of the ventilation control was performed in collaboration with the Marseilles fire
brigade. It was decided to regulate the ventilation response to a fire situation for the passenger selfrescue phase and for the firefighting phase.

~ 0 m/s

Figure 4

Confinement velocity

Flow patterns in the vicinity of the extraction shaft, in the situation of the stratification in
the fire zone

The innovations
The principles of the regulation loop are given in a previous paragraph. Here, the complexity refers to
the aeraulic structure of the underground facility and its context:
- The project is composed of 3 main branches: the tunnel, the station, and a side branch: the
Capucins tunnel (Figure 2). The regulation of the longitudinal ventilation in each of these
branches, using the mechanical means of the other appears complex, the previous references
of the successful experience used to concern simple tunnels;
- The environment is also complex, the project is linked to other the existing underground
structures of the metro (Figure 5). These structures are also equipped with a mechanical
ventilation system and it appeared very difficult to modify their operation rules to take into
account the requirements of the new tramway station and tunnels.
It was decided to conceive an independent system for the tramway project. The aeraulic influence of
the metro is considered as a non-controlled perturbation.
The objectives of the ventilation reaction in the case of a fire are:
- The stratification conditions in the fire area and the longitudinal confinement of the smoke at
the closer ventilation shafts;
- For the firefighting phase, the critical velocity in the fire section.
For each fire location, a predetermined configuration of the transverse ventilation is implemented in
the automated system. The fitting of the longitudinal velocity is performed with the jet fans, on the
basis of the fluxes measured by the anemometers. The information is analyzed considering the
branches connection and each branch internal cross section variations.
Many numerical 1D transient simulations were performed in order to propose a first set of regulation
395

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

parameters. These calculations generally use the SES software [9] and other available 1D models.
Another important phase consisted in fitting the regulation rules and the parameters on site. This was
performed with simple anemometers located in the network, complementarily to the tunnels fixed
measurement equipment.
Ventilation shafts

Noailles tramway tunnel

Capucins tunnel and exit
Capucins gallery
Noailles metro station
Tramway level

Intermediate level
Metro line 2

Metro line 2

Noailles tramway station
Figure 5

Platform level

Schematic representation of the underground levels and limits in the Noailles metro and
tramway station and tunnels

The fire tests
The final validation operation consisted in fire tests. The fire source is the Chardot mixture (potassium
nitrate and potato flour). This solution is often chosen for the visualisation of the hot smoke
stratification since the quantity of smoke produced is great regarding the heat release rate of the
source.
It was estimated that the fire heat release rate developed by each of these sources was about 200 kW
(Figure 6).

Figure 6

View of the fire sites in the tunnel (left) and in the station (right)

The fire was located in the tunnel and in the station. In all the situations, the fully automated
ventilation response could provide acceptable conditions for the hot smoke stratification and the
longitudinal confinement.
The underground section of the tramway line 1 was opened to the traffic in September 2008, after the
validation of the safety level shown by the fire tests.
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THE METRO LINE 1 EXTENSION
Presentation of the project
The extension of the metro line 1 in Marseilles concerns about 2.5 km and 4 additional stations
(Figure 1).
The tunnels are single bores and the stations have unusual internal volumes, in comparison with the
existing ones.
The effectiveness of the smoke control in the Noailles tramway tunnel and station has become the
objective of this project. The same nature of innovation was performed in the dimensioning and the
operation of the ventilation system for the control of the smoke propagation in the case of a fire [10].
The innovations
The first set of innovation concern the structure of the ventilation system for the stations and the
tunnels. The usual configuration, based on ventilation shafts located in the centre of the tunnels is
abandoned.
The relevant extraction capacity is reported to the station portals. The fans used for the ventilation of
the station are also used for the smoke extraction in the tunnels. The capacity is organized with
dampers. Smoke curtains are located at each station portal, to prevent the propagation of the smoke in
the case of a fire in a tunnel (Figure 10).

Figure 7

Structure of the ventilation system in the tunnels and stations of the line 1 extension

The other innovations refer to the operation of the ventilation system in the situation of a fire.
In the case of a fire developing in a tunnel, the objective is the hot smoke stratification. The low
velocity in the fire zone is controlled with the extraction activated at both ends of the tunnel and with
the jet fans located in other tunnels.
The regulation of the jet fans thrust is performed in the same manner as in the Noailles tramway
tunnel and station. It is not possible to validate the velocity measurement in the tunnel concerned by
the fire (thermal effects and disturbed velocity profile). This measurement can be performed in the
tunnels beyond the stations. The problem is that it is not possible to evaluate the non-controlled flow
rate developing between the stations and the external atmosphere. The choice was to admit that the
transverse dominates the internal pressure fields. Thus, the objective is to control the converging
symmetry of the flow rates entering the stations n and n+1 through the tunnels n-1 and n+1.

Figure 8

The transverse ventilation configuration in the case of a fire in a tunnel

This regulation solution was tested in real situations and the results appear to be acceptable.
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The situation of a fire in a station is operated with the same principles. The extraction is activated
inside the station and the symmetry of the flow rates in the tunnels is performed with the jet fans
located in those tunnels.
The tests and the performances
Ventilation tests were performed in order to test the effectiveness of the regulation and in order to fit
the parameters. Complementary tests involving fire sources (Chardot fires) were performed. This
confirmed that the hot smoke stratification develops both in tunnels fires and in station fires. In all the
tests, the smoke longitudinal confinement was observed.

Figure 9

View of the smoke stratification inside the tunnel, 10 mn after the fire ignition

Figure 10

View of the smoke stratification in the La Blancarde station (left) and in the Saint
Barnabé station (right)

IMPROVEMENT OF THE FIRE SAFETY IN THE METRO NETWORK
Presentation of the project
This improvement concerns the lines 1 and 2, for the underground part of the network, except the line
1 extension. This latter is considered as independent of the rest of the lines.
The project concerns more than 10 km of tunnels and 19 underground stations.
It was decided to consider the whole underground space as unique. It includes the tunnels and the
stations. The elements of the effectiveness of the smoke control by the mechanical ventilation are:
- For the fire in the tunnels:
o The control of the longitudinal velocity in the tunnel (each tunnel includes a shaft
located in the centre zone);
o The extraction in the central shaft, in order to protect the tunnel not concerned by the
fire and the station;

398

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

-

For the fire in the stations:
o An analysis of the existing ventilation system and its improvements, including
structural works;
o A ventilation strategy for the control of the boundary conditions at the stations
(tunnels and access from the street).
These studies were made possible because the control system of the whole lines 1 and 2 was renewed,
including a network of controllers along the lines. A centralized command is now located in La Rose
(north terminus of line 1).
The basic principle of these studies is the fact that no fan must be changed. The analyses performed in
the early stage of the project have highlighted a lack of optimisation in the management of the
existing ventilation capacity.
An important limit of the studies is the fact that the full automation of the ventilation response to a fire
is not included at this stage. The smoke control will be based on fixed scenarios, assuming that the
natural ventilation is not developed, which is a restrictive assumption, due to the exposition of the
underground network to external influences (winds and thermal variations).
The studies
The studies include many specific simulation tools developments. The most significant ones are:
- A 1D mesh network model for the representation of the two lines
- A pre-processor devoted to the specific spaces for the FDS software.
The 1D mesh model was devoted to the definition of the ventilation response to a fire (longitudinal
velocity to control in the fire area, smoke confinement at the limits of the fire area). This response
may use any fan of the lines, in order to fulfil the objectives of longitudinal velocity control.
The 3D model was used to propose the best way of reorganizing the extraction in each of the
19 studied stations. The existing system is based on extraction louvers located under the platform
level. Short simulations have shown its ineffectiveness regarding the smoke extraction. The same
simulations have pointed out the risk of smoke propagation in the escape routes.
The 3D simulations have shown that the extraction capacity can be reorganized in a different manner,
in order to take advantage of the stratification conditions controlled by the ventilation strategies.
These modifications are the object of a modernization program.
The 3D simulations have also provided clear information relevant to the boundary conditions to
control at each station, particularly at the tunnels portals. This is an additional condition for the
ventilation control.
The experiments
Several series of experiments were performed in the tunnels and the stations. The most significant
ones are:
- The verification of the real capacity of each fan;
- The exact fitting of the ventilation configuration for each fire location.
These experiments use aeraulic measurement capacities and they last several months.
THE PRADO-CARÉNAGE TUNNEL
The tunnel
The Prado-Carénage tunnel is a major link between the A50 and A55 motorways (Figure 1). It crosses
the centre of Marseilles and is submitted to a heavy traffic. Risk of congestions is increasing and the
former way of controlling the smoke movement in the case of a fire cannot be acceptable (control of
the critical velocity).
This is a twin tube tunnel. It is equipped with a transverse ventilation system. A strong particularity is
the central shaft, which capacity is relatively important, regarding the tubes cross section.
It has also been shown that the Prado-Carénage tunnel is exposed to strong natural ventilation
influences [11].
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Figure 11

The Prado-Carénage scheme and its ventilation system

The improvement of the ventilation fire response
The basic principle is here also based on a modification of the operation rules. The ventilation
reaction is fully automated and in the first phase (self-rescue phase), the hot smoke stratification
conditions must be controlled in the fire area, wherever the fire is located.
The development is based on a succession of unitary operations [12]:
- 3D simulations aiming at showing that the hot smoke stratification is possible in the low
vertical clearance of the tubes;
- 1D simulations, including a regulation loop aiming at defining the principles of the ventilation
reaction, and determining the first values of the regulation parameters. This software was
developed in Visual Basic. It has highlighted the high capacity of the central shaft for the role
of regulation organ;
- Installation of 10 anemometers in each tube and calibration;
- Installation of the velocity variation device on the fans in the ventral shaft;
- Aeraulic tests for fitting the regulation parameters;
- Hot smoke tests.
Each operation was performed several times since the first results are often quite far from the initial
objectives. The global process appears iterative.
The innovations
The 1D simulations of the tunnel, including the regulation loop appears as a valuable innovation of
the conception process. The analyses of the tests performed on site have clearly shown that the
regulation capacity of the shaft should have been very difficult to highlight. The risk is the conception
of a complex regulation loop, with many cases of inaccuracy.
Some simulations of real tests performed in the tunnel with the regulation loop have been performed.
An acceptable agreement is generally found (Figure 12).
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The fire tests
Many fire tests were performed with the Chardot mixture, in many locations along the two tubes. The
operator has to locate the fire and confirm this information in the automatic system. The fully
automated response generates the conditions of the hot smoke stratification in the fire area. The
longitudinal extension of the stratified layer never exceeds 200 m.
The system was tested even in strong natural ventilation conditions. The system response was
effective in these situations.

Figure 13

View of the hot smoke stratification in the Prado-Carénage tunnel

CONCLUSIONS
The innovative ventilation regulation loops were successfully conceived and tested in major transport
infrastructures in Marseilles. These innovations aim at controlling the hot smoke stratification. This
means that the objectives in terms of longitudinal velocity control are very difficult to fulfil, and any
mechanical perturbation may significantly destroy the result in terms of safety level.
The results obtained represent a large improvement in reference to those observed with ventilation
responses based on fixed ventilation scenarios. The regulation brings a real time correction to any
mechanical disturbance (natural ventilation, for example).
These practical results show that the technical direction is promising, especially if the conception of
the regulation loop is integrated in a numerical model [13]. Nevertheless, many improvements in the
technique are to be performed in the future (longitudinal air flow rate measurement, conception of a
reliable ventilation reaction).
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Comparative Study of Flow Measurement Methods in
Road Tunnel Exhaust Ducts
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ABSTRACT
Measurement techniques for volumetric flow rate determination in road tunnel exhaust ducts are
investigated. An experimental campaign was conducted in a Swiss road tunnel, including tracer gas
measurements using the constant emission technique, grid measurements (equal area and LogTchebycheff techniques) and single-point measurements. The study focuses on utility of the different
techniques in commissioning tests of smoke extraction ventilation systems. Based on experimental
results, the tracer gas, equal area and Log-Tchebycheff methods are recommended to be used in
commissioning tests, as they perform well with regard to accuracy and consistency. Single-point
measurements are very sensitive to probe positioning, which may result in biased results as seen in
experiments. This method is only recommended to be used when calibrated with one of the other
methods. In grid measurements, impeller anemometers and Pitot static tubes proved to be suitable
measuring devices. Averaging Pitot tube arrays are not recommended as they performed poorly,
delivering unreliable results.
KEYWORDS: road tunnel, ventilation, flow measurement, commissioning, Log-Tchebycheff
INTRODUCTION
Requirements for ventilation systems in road tunnels have significantly changed over the last decade.
While, in the past, the design of ventilation systems used to focus on in-tunnel air quality under
normal operation, the focus has shifted in recent years to smoke control in case of an emergency [1-3].
In longer tunnels the traditional transverse type of ventilation systems with linear extraction are no
longer permitted in many countries. Instead systems with local smoke extraction from the traffic space
close to the fire featuring remotely actuated mechanical dampers are required [4-5], especially in
tunnels with bi-directional and/or congested traffic. Important design aspects of concentrated smoke
extraction systems encompass exhaust flow rate, exhaust duct under-pressure and resulting leakages,
as well as longitudinal air flow control in the tube [1]. In order to provide evidence of the system
meeting the design specifications, verification by on-site measurements is generally required during
commissioning and testing. Application of suitable measurement techniques meeting high standards
in terms of accuracy and reliability is fundamental.
In this paper measurement of the flow rates in road tunnel exhaust ducts is considered. Various
techniques are used nowadays to perform such measurements, including tracer gas methods, velocity
traverse methods (multi-point grid measurements), single-point measurement and orifice plates.
Typical measurement devices employed in traverse and single-point methods are Pitot-static tubes,
thermal anemometers and impeller anemometers. Though some of the aforementioned techniques are
widely used today, appraisal of the expediency and comparison of the various methods, with regard to
accuracy, reliability, sensitivity, complexity and costs, is only scarcely documented. In a previous
publication [6], a measuring campaign conducted in 2002 in the Gotthard road tunnel is presented.
Tracer gas and velocity traverse methods, applying Log-Tchebycheff distribution of the measuring
points with the latter, proved to be consistent. It was concluded that these measuring methods are very
accurate, especially in comparison to the simpler diagonal and point velocity measurement techniques
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that were also investigated in the aforementioned campaign. It should be noted however, that the
average of the tracer gas and Log-Tchebycheff measurements was taken as reference flow rate to
compare accuracy. The present paper presents a comparative study carried out recently in a Swiss
road tunnel.
MEASUREMENT METHODS AND SETUP
Measurements were conducted in October 2012 in the Lungern tunnel (Canton of Obwalden,
Switzerland) during commissioning of the ventilation system. Commissioning tests by the fan
manufacturer (TLT-Turbo GmbH, Germany) and his sub-contractor (Lucerne University of Applied
Sciences and Arts – HVAC Laboratory, Switzerland) comprised grid measurements, using the equal
area method with impeller anemometers as measuring devices, and tracer gas measurements with
constant emissions. In parallel to the manufacturer’s tests, the authors (Pöyry Switzerland) conducted
single-point measurements with an impeller anemometer and grid measurements using the LogTchebycheff method with Pitot-static tubes. In addition flow rates measured by the in-built
differential pressure measuring device of the ventilation stations were monitored.
Test object and setup
A schematic of the tunnel configuration and the experimental setup is depicted in Figure 1. The
Lungern tunnel consists of a 3.57 km long single tube designed for bi-directional traffic. It features a
smoke extraction system with a ventilation station at each portal, equipped with two fans each. The
exhaust duct, separated from the traffic space by a false ceiling, has an overall length of 3.44 km, a
cross-sectional area of 13.68 m2 and a hydraulic diameter of 2.87 m. A total number of 39 remotely
actuated dampers are spaced at intervals of about 100 m along the longitudinal axis of the exhaust
duct, with the exception of dampers 01 and 02 (in vicinity to southern portal) and dampers 38 and 39
(in vicinity to northern portal) separated by a distance of about 10 m. A safety gallery is constructed
alongside the traffic tube with emergency exits every 300 m.
Tracer gas dosing / measurement
M1

Ventilation station
VSS

D1

D2

Equal area measurement
Log-Tchebycheff measurement

M2

M3

Single-point measurement

DAMP 04

Tunnel

DAMP 05

DAMP 36

DAMP 37

DAMP 38

Northern
portal

Southern
portal

DAMP 03

Tracer gas
measurement

Ventilation station
VSN
Safety gallery

Exhaust fan

Figure 1

Closed damper

Open damper

Testing section of comparative study
Measuring point
in exhaust duct

Dosing equipment (D1, D2),
Measuring point (M1, M2, M3)

Scheme of tunnel and measuring equipment

Metering units for tracer gas injection were installed at dampers 03 (metering point D1) and 05 (D2).
As tracer gas measurements were also used to quantify leakages into the exhaust duct, 3 measuring
points were positioned at dampers 02 (measuring point M1), 06 (M2) and 38 (M3). For the
comparative study of flow rate measurement techniques, data from measuring point M3 was
considered solely. Measuring planes for single-point, Log-Tchebycheff and equal area measurements
were located upstream of dampers 37 and 38, respectively (Figure 1).
Constant emission tracer gas method
Tracer gas techniques are widely used to measure ventilation rates in buildings. By monitoring the
injection and concentration of the tracer, one can infer the exchange of air [7]. The various
experimental injection strategies and analytical approaches for flow rate determination are discussed
in reference [7] and literature cited therein. The constant emission tracer gas method was successfully
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applied in a research project to investigate leakages into exhaust ducts [4]. Sulphur hexafluoride SF6
is used as tracer gas. A constant mass flow ṁSF6 (kg/s) is injected into the exhaust air at the suction
point (open damper), while downstream in the duct its concentration c (ppm) is being measured. From
these known quantities, the exhaust air flow rate Q (m3/s) at the concentration measuring point is
deduced [8,9]:
(1)
where RSF6 and Rair denote the specific gas constants of SF6 and dry air, respectively. Air density ρ
(kg/m3) is determined from absolute pressure pabs (Pa), relative humidity φ (%rh) and air temperature
T (K).
A decisive advantage of the tracer gas method is its independency of duct geometry and flow profile.
Homogeneous distribution of the tracer gas in the exhaust flow is however fundamental, requiring an
adequate mixing path length of about 60 hydraulic diameters. In applications with flow fluctuations,
e.g. measurements in traffic space of road tunnels, determination of the delay between gas injection
and concentration measurement downstream of injection is necessary, resulting in extensive postprocessing of the gathered raw data. This procedure may implicate considerable uncertainties and lead
to biased results. Tracer measurements are performed by Fourier Transformation Infrared
Spectroscopy (FTIR), Non Dispersive Infrared Spectroscopy (NDIR) or Infrared Photo Acoustic
Spectroscopy (IR-PAS). These measuring methods are susceptible to changes in temperature and
pressure and show cross sensitivity to vapour.

Figure 2

Tracer gas measurement setup

The experimental setup is shown in Figure 2. Gas bottles at metering points D1 and D2 rested on high
precision balances (Mettler Toledo CC150/4) for on-line monitoring the injection mass flow rate. SF6
concentration at measuring points M1 to M3 was measured by IR-PAS (Brüel & Kjær 1302 multi-gas
monitor). Measurement devices for absolute pressure (Endress+Hauser Cerabar S PMC71),
temperature and relative humidity (Rotronic Hygroclip S) were installed in the exhaust duct at the
measuring points.
Equal area method
The equal area method is extensively used in HVAC applications to determine the discharge velocity
and flow rate in closed conduits. The basic principle of this method is to divide the measuring plane
into sections with equal area, measure velocities at specific points in the partial areas (centroid in case
of rectangle), and multiply the average velocity with the total cross-sectional area to obtain the
volumetric flow rate. Fully developed flow profile is not essentially required, deviations should
however be moderate. In general, the method tends to overestimate flow rates as it fails to account for
low velocities close to the duct walls.
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Cross-sections with irregular shape, as is the case in road tunnel exhaust ducts, usually do not allow
for partitioning in sections of equal area. Therefore, the reference factor IA is introduced, assigning
appropriate weighting factors to the locally measured velocities vi (m/s) at the centroids of partial
areas Ai (m2) [10]:

IA = ∑
i

vi Ai
⋅
v0 Atot

(2)

In addition, the reference velocity v0, measured repeatedly at a fixed reference point, allows for
correction of slight changes in flow rate during measurements. Atot denotes the total cross-sectional
area of the duct. The flow rate Q is given by:

Q = v0 ⋅ Atot ⋅ I A

(3)

The exhaust duct of the Lungern tunnel was divided into 20 partial areas as indicated in Figure 3.
Impeller anemometers (Schiltknecht MiniAir) were installed at the respective centroids. Shape and
total area in the measuring plane were determined on-site beforehand. The average velocity of
measurement points 14 and 15 was used to evaluate v0. Measurements of individual velocities were
performed simultaneously using digital multimeters (Agilent 34972A).
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Cross-section of exhaust duct divided into 20 partial areas. Dots indicate velocity
measuring positions at centroids of subsections.

Log-Tchebycheff method
The Log-Tchebycheff method assumes the flow profile to follow a logarithmic law, with respect to
the distance from the wall, in the peripheral zone of the cross-section, and a polynomial law in the rest
of the cross-section. According to these laws, measuring positions are chosen in order for the
discharge velocity to be equal to the arithmetic mean of the local velocities. Literature, standards and
norms dealing with the Log-Tchebycheff method mainly address testing of HVAC systems. Hence,
coefficients defining the position of measuring points are usually only given for ducts of circular or
rectangular cross-section, as in the international standard ISO 3966 [11].
In the present exhaust duct configuration, rectangular cross-section coefficients [11,12] were used to
define the positions of 5 vertical traverse lines along the abscissa (Figure 4). On each traverse line, 5
measuring points were located by applying the same coefficients, giving a total of 25 measurement
points. The cross-section was divided into 5 partial areas of equal width [12]. Multiplying the
arithmetic mean of the velocities on a vertical measurement line, vi (m/s), with the corresponding
partial area, Ai (m2), yields the flow rate, Qi (m3/s), of the specific subsection. The total flow rate at
the measuring plane is then:
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5

5

i =1

i =1

Q = ∑ Qi = ∑ vi ⋅ Ai

(4)

Note that channel width and heights at vertical lines were measured on-site, while areas of subsections
were determined from building plans. 25 Pitot-static tubes (Testo, stainless steel, 7 mm diameter),
mounted on stationary rakes at the vertical traverse lines, were used to determine local velocities.
Pitot-static tubes are provided with a hole at the tip facing the flow direction to measure total pressure,
pt (Pa), and a set of holes around the circumference of the tube’s head to measure static pressure, p
(Pa). The resulting differential pressure, Δp = pt – p, is the dynamic pressure in the flow. Hence, from
Bernoulli’s equation, the local velocity is given by:

v=

2 ⋅ ∆p

(5)

ρ

In each test run, local differential pressures were measured in succession using a high-precision
differential pressure transducer (Testo 0638.1345, in combination with Testo 400 measuring
instrument). Temperature and relative humidity (Testo 0636.9740) as well as absolute pressure (Testo
0638.1545) were recorded prior to each experiment under stable flow conditions in order to determine
air density ρ.

2

1

Figure 4

3

4

5

Vertical traverse lines (solid lines) and Pitot-static tube locations (crosses) in the
exhaust duct, divided into 5 partial areas of equal width (dashed lines).The position of
the impeller anemometer, used for single-point measurements, is indicated as well (dot).

After completion of individual Pitot-static tube measurements, the assembly was slightly changed by
interconnecting, for each vertical measurement line, the hoses of 5 Pitot tubes, thus creating a setup
with 5 Pitot tube arrays. The basic concept of such arrays is to measure the average differential
pressure and deduce the average velocity according to Eq. (5). So-called self-averaging arrays are
commercially available from various manufacturers. They usually feature two compartments
containing multiple pressure sensing ports; the high-pressure compartment with total pressure intakes,
and the low-pressure compartment with static pressure intakes. The single differential pressure
measured between the two compartments is assumed to be the average differential pressure over the
cross-section of the duct. Here, the compartments consist of the pneumatically interconnected hoses
and pressure tubes. The method is less time-consuming than measuring each individual differential
pressure. It is however more error-prone.
Single-point measurement
In a circular tube with inner diameter D, the location of the mean velocity in the turbulent flow profile
is at a relative distance to the wall of y/D = 0.119 [13]. Analysis of flow profiles measured in ducts
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with rectangular cross-sections [14] showed that at a distance to the wall of y = 0.119 × L (L being
either the width w or the height H of the channel) velocities were closer to the mean than at a distance
of y = 0.119 × Dh, where Dh denotes the hydraulic diameter. From these findings it was decided to
position the impeller anemometer (Testo 0635.9540) on the longitudinal axis of the exhaust duct at a
relative distance to the floor of y/H = 0.119 (Figure 4). It was located in the same measuring plane as
the Pitot-static tubes used in Log-Tchebycheff measurements. Velocities were measured in parallel
with the individual Pitot-static tube measurements. The mean out of these 25 measurements was
multiplied with the total cross-sectional area for volumetric flow rate determination. In addition, the
impeller single-point measurement served as reference for the Log-Tchebycheff measurements to
correct individually measured velocities for slight changes in flow rate. Note, however, that changes
in flow rate were not observed and thus no correction was applied.
Test series
The various measurement techniques were compared in four tests during commissioning of the
ventilation system. Fan and damper settings are given in Table 1. Note that fans of the northern
ventilation station (VSN) were operated in regular operation mode in all tests. Flow rates measured by
the in-built measuring devices of the fans, calibrated previously according to ISO 5802 and VDI/VDE
2640, were recorded during tests. These measuring devices do not figure among the techniques to be
compared in the present study, recordings are however used as a means for comparison.
Table 1
Test
(#)
1
2
3
4

Fan and damper settings in commissioning tests
VSS
Fan 01 Fan 02
On
On
On
On
On
Off
On
Spec.

VSN
Fan 01 Fan 02
On
On
On
On
On
On
On
On

Open dampers
3, 4, 5
3, 5
3, 4, 5
3, 4, 5

Description
Regular operation
Damper failure simulation
VSS Fan 02: failure simulation
VSS Fan 02: special blade angle for
increased suction output

RESULTS AND DISCUSSION
Results of the experimental campaign are shown in Figure 5. As expected, measured flow rates were
lowest in the second test, with only 2 dampers open, ranging from 122 to 138 m3/s. In the other tests,
with 3 dampers open and fans at the northern portal in regular operation mode, measured flow rate
ranges are nearly identical (test #1: 126 to 143 m3/s, test #3: 127 to 145 m3/s, test #4: 126 to 145
m3/s). Overall, flow rates measured on the fans and by the tracer gas, equal area and Log-Tchebycheff
methods (the latter with individual measurements on each Pitot-static tube) lie in a relatively narrow
range, with a maximum difference in the measured values of 9.7 m3/s (test #4). Taking single-point
and Pitot tube array measurements into consideration gives a much more pronounced scatter range of
data, with the maximum difference in measured values increasing to 21.0 m3/s (test #4).
For the sake of clarity and convenience, the flow rate measured on the fans is taken as reference
value. Note that this value does not correspond to the true flow rate, which is unknown. It is however
regarded as a suitable and robust reference for comparison as it is close to the median value of each
test series. Further, the measuring device was calibrated according to international standards.
Measured values normalized with the reference flow rate, Qfan, are given in Figure 6.
Results obtained from equal area measurements exhibit the lowest deviation from the reference value
(-3.5% to +1.8%), indicating good accuracy. This is further underlined by statistics as the mean of
normalized values (Figure 6) is almost exactly 1. Uncertainties in measurements were not specified.
Volume flows measured by the equal area method are usually slightly overestimated as the method
accounts insufficiently for low velocities close to the walls. In the present investigation, 3 out of 4
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measurements are above the reference value, though differences are small. Scattering of data points is
moderate with a standard deviation of the normalized mean of 2.5%. However, results are partially
inconsistent as, unexpectedly, the lowest flow rate was measured in the third test, where values
similar to the first and fourth test were anticipated.

Figure 5

Flow rates measured with the various measuring techniques during commissioning tests.
Error bars, depicted for single-point, tracer gas and Log-Tchebycheff (individual tubes)
measurements, indicate uncertainties in measurements based on a 95% confidence
interval.

Figure 6

Measured values normalized with the reference flow rate Qfan
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Good accuracy is attained as well with the tracer gas method, as deviation from the reference value
ranges from -2.6% to +3.0%. Uncertainties in tracer gas measurements, represented by error bars in
Figure 5, are in the range of ±2.6% to ±2.9% on a 95% confidence interval. They result from
inaccuracies in measurement devices and were evaluated according to the Guide to the Expression of
Uncertainty in Measurement [15]. Uncertainties arising from flow fluctuations were not considered.
They are, however, assumed to be small as fluctuations in the exhaust duct, with fans running at
constant speed, are most likely to be negligible. Consistency is not given over the whole test range as
the tracer gas measurements identified the lowest flow rate in test #1. However, the spread of data is
within acceptable limits. The standard deviation of the mean of normalized values is 2.6%.
Flow rates measured by the Log-Tchebycheff method, performed with individual sampling of Pitotstatic tubes, range from 122 m3/s (test #2) to 127 m3/s (test #3), with an uncertainty, based on a 95%
confidence interval and calculated according to ISO 3966 [11], of +3.8
-2.4 %. Values are constantly below
the reference value, though in acceptable limits, with deviations of -3.0% to -4.7%. Reasons are
threefold: first, leakages into the exhaust duct between measuring plane and ventilation station
amount to about 1.4 m3/s. This estimate is based on the leakage measurements performed with the
tracer gas method in parallel to flow rate measurements. Note that, due to leakages, correctly
measured values were anticipated to be below the fan delivery rate. Second, the exhaust duct crosssectional area at the measuring plane probably exceeds the area given in building plans, as indicated
by on-site measurement of channel width and height. This systematic error is included in uncertainty
calculations. Third, defining the measuring grid by using Log-Tchebycheff coefficients for
rectangular cross-sections leads to an inherent error in the integration technique. The outermost
vertical measurement lines in the corners of the duct are situated too close to the wall. Therefore, the
average of the measured velocities is below the actual mean velocity in these areas, leading to an
underestimated total flow rate. This was also observed in an experimental campaign, where flow rates
in conduits with various irregular shapes were measured with this technique [12]. On average, a bias
of -2.81% was registered. This error was taken into account in our uncertainty calculations. Mercenier
et al. [12] developed a method to determine the position of the outer measurement lines in irregular
shaped cross-sections, which led to improved accuracy in their experiments. To verify these findings,
a 3D CFD model of the Lungern exhaust duct was implemented. Steady-state simulations (StarCCM+ software) with a constant flow rate of 130 m3/s were performed, using both the k-ε and k-ω
turbulence model. Applying the Log-Tchebycheff technique with coefficients for rectangular crosssections, as used in the experimental campaign, to the computed velocity profile resulted in total flow
rates of 127.1 (-2.20%, k-ε model) and 126.6 m3/s (-2.62%, k-ω model), respectively. Better results
were found with the method by Mercenier et al. [12], yielding flow rates of 129.1 (-0.71%, k-ε) and
128.8 m3/s (-0.95%, k-ω). It is therefore recommended to apply the method by Mercenier in future
tests when using the Log-Tchebycheff technique. Despite the systematic negative bias, consistency
and repeatability of the Log-Tchebycheff measurements are excellent, as indicated by the low
standard deviation of the mean of normalized values of 0.7%. Measured values follow the expected
trend over the testing range and relate very well to the reference value measured on the fans.
Both in terms of accuracy and consistency, grid measurements performed with Pitot tube arrays
delivered poor and unreliable results characterized by enhanced scattering. Deviations from the
reference value range from -6.2% to +9.7%, the standard deviation of the mean of normalized values
amounts to 6.5%. The concept of self-averaging arrays is doubtful. Unless the flow profile is uniform,
the multiple holes of the array are subjected to different pressures. This should lead to a flow
circulating inside the array, with holes subjected to high pressure acting as inlets and holes subjected
to low pressure acting as outlets, i.e. the velocity at total pressure ports is non-zero. The basic physical
principle of the Pitot tube, which relies on stagnation of fluid at the total pressure port, is thereby
violated. From a mathematical point of view, the method is erroneous due to the non-linear
relationship between velocity and differential pressure (Eq. (5)). Averaging the differential pressure
with subsequent determination of the mean velocity by Eq. (5) does not yield the same results as
calculating individual velocities which are then averaged. Based on these remarks and on the
experimental results, it is not recommended to use averaging Pitot arrays.
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Single-point measurements show a considerable offset from the reference value, which is almost
constant at 10%. Obviously, the chosen measurement position does not correspond to the location of
mean velocity in the flow profile. Uncertainties in measurement are relatively high at ±4.2% (95%
confidence interval). This is mainly due to the assumed standard deviation in total cross-sectional area
of 2%, and does not reflect precision of measurement devices. The systematic error of inaccurate
positioning is not included in the error bars. Though not very accurate, consistency and repeatability
of the measurement technique is very good. A standard deviation of the mean of normalized values of
only 0.6% is obtained. Due to its high sensitivity to measurement position, the method is not
recommended to be used in commissioning tests as sole measuring technique. When calibrated with
one of the other recommended techniques, it constitutes however a useful and reliable tool. On the
one hand, it can serve as constantly measuring reference unit to account for changes in flow rate
during test runs, allowing for correction of other measurements. On the other hand, the calibrated
device can be used in surveys months or years after commissioning to recheck flow rates, provided it
will be positioned at the same location again. For this purpose it is recommended to install the probe
at the centre of the cross-sectional area (during commissioning and in later surveys), where the flow
profile is rather uniform and sensitivity to positioning is low.
Besides accuracy, reliability and consistency of measurements, other important aspects in assessing
the different techniques are costs and expenditure of time. Obviously, single-point measurements
excel in both fields. Costs are low, installation and measurements are carried out quickly, and results
are delivered on the spot. Higher costs are caused when performing tracer gas or grid measurements,
the former being probably the most expensive, though in a similar range as expenses for grid
measurements. Installation is rather time-consuming. Grid measurements are performed fastest when
using impeller anemometers, which can easily be sampled in parallel. Measurements with Pitot-static
tubes take much longer, as probes are sampled one after another. Parallel sampling would be possible,
causing however significantly higher costs as multiple pressure transducers are required. Timeconsumption can be reduced by using averaging Pitot tube arrays at the expense of reliable results.
Tracer gas measurements take about as much time as sampling of individual Pitot static tubes. In grid
measurements, results are obtained practically on the spot as post-processing of raw data is
accomplished quickly. Extensive post-processing is required in tracer gas measurements, due to
numerous measuring devices located in different areas of the tunnel. Further, the measured
concentrations need to be corrected to account for sensitivities to humidity, temperature and pressure.
Results are usually not immediately available, the evaluation could however be accelerated by
automating the process.
CONCLUSION
Techniques for measuring exhaust flow rates in road tunnels were compared in the present
investigation. Based on the results from an experimental campaign conducted in the Lungern tunnel,
suitable and reliable techniques were identified, namely the constant emission tracer gas method, the
equal area method and the Log-Tchebycheff method. These methods, though more costly and timeconsuming than other simpler techniques, like the single-point measurement method, are
recommended to be used in commissioning tests. Equal area and tracer gas methods showed good
accuracy and acceptable consistency and repeatability. The Log-Tchebycheff method displayed
excellent consistency. Measurements however slightly underestimated the flow rate, though within
acceptable limits. This is partially due to application of Log-Tchebycheff coefficients defined for
rectangular cross-sections. Using Log-Tchebycheff coefficients determined with the method
developed by Mercenier et al. [12] for the outer elements in the corners of the duct diminishes this
error, which was verified by the means of CFD-simulations. It is recommended to apply this method
in future measurement campaigns when using the Log-Tchebycheff technique in ducts with irregular
shape. A major advantage of the tracer gas method over grid measurements (equal area and LogTchebycheff methods) is its independency of flow profile and duct shape. However, in contrast to grid
measurements, the tracer gas method is succumbed to errors induced by sensitivities to humidity,
temperature and pressure. Single-point measurements are not recommended to be used as sole
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measuring technique in commissioning tests, as sensitivity to probe positioning is enormous.
However, when calibrated with one of the recommended methods, it is a useful and easy-to-use tool,
especially with regard to quick surveys to be conducted later in the operation stage of the tunnel.
Impeller anemometers and Pitot static tubes proved to be reliable measuring devices in grid
measurements. In contrast, averaging Pitot tube arrays performed poorly and are not recommended to
be used.
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ABSTRACT
EU Directive 2004/54/CE [1] on minimum safety requirements for tunnels in the Trans-European
Road Network demands each Member-State to establish a well-defined methodology aiming to
provide a risk analysis, corresponding to the best available practices. Also establishes that the
Commission shall produce (after an evaluation report on what is being done by Member-States) a
proposal for the adoption of a common harmonized risk standard.
In Portugal, though a literal transposition of the Directive was performed as a national Decree-Law
(75/2006) [2], the risk analysis methodology was never defined (also no harmonized standard has seen
light) and so the AA has been acting in a case by case situation which means different procedures and
even levels of demand for the risk analysis performed. The main problem of this is obvious and can be
the origin for situations difficult to overcome namely when risk is mixed with the concept of “possible
to occur” no matter the “probability of occurrence”.
The aim of the paper is to present the steps taken by the authors in an attempt to overcome this
limitation and establish a methodology that can be easily understood by the different players involved:
people, companies and authorities. The final result must be such that will allow an easy comparison
with the clauses of the law (Directive) and also that when solutions do not comply with the minimum
requirements, actions and provisions to mitigate the higher risk can be considered and quantified; if
solutions exceed the minimum requirements the procedures must allow a quantification so that a final
balance and a decision on the need for eventual extra measures can be taken.
The first step was to look for a “conventional” methodology that can fit the Portuguese culture on fire
safety and proceed with its application after some work of adjusting the procedure to national data
namely introducing concepts that are not currently applied in this field (F-N curves for instance have
been used for safety of structures but not for fire). The conventional methodology adopted was based
on scenarios and evacuation conditions as determined by the evolution of the FED (Fractional
Effective Dose).
The second step hereby presented was the development of a Directive “line by line” based
methodology, respecting the distribution by requirements as found in the summary table and
considering weights for the different parameters/measures in each of those groups. Minimum (or non
applicable) requirements take a unit weight. The methodology also applies for the variables directly
related with the operation.
The following step was to establish procedures for quantification for each requirement (even in a basis
“greater then”) supported by different studies and sources and simplified procedures whenever
possible knowing that there will be (at least for some time) the need to use for some situations the
“conventional” methodology to support weights (>1 if the requirements of the Directive are exceeded
and <1 if below).
KEYWORDS: Road Tunnel, Risk Assessment, Fire
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1 – “CONVENTIONAL” METHODOLOGY
The risk analysis methodologies usually used in this context, are essentially divided into deterministic
and probabilistic methodologies. Probabilistic methodologies address the risk by combining the
probability of occurrence of a certain event with the consequences that may arise. Deterministic
methodologies seek to characterize the development of a certain event and its consequences, either to
individuals or to the infrastructure.
As an example for the ‘conventional’ methodology, a probabilistic methodology has been chosen.
1.1 - Tunnel Description
The case study here presented for the conventional methodology refers to a variant of the Benfica
tunnel, which currently is a part of the Circular Regional Interior de Lisboa (CRIL). The solution
discussed here represents an alternative to the base project that sought to address some environmental
and heritage/patrimonial constraints. The tunnel is located on an urban axis that connects the city of
Lisbon and its northern area.
It is therefore subject to the inherent traffic conditions, where there are two periods, one in the
morning and one in the afternoon, lasting about 3 hours each, in which the traffic flow represents
about 10% of the average daily traffic [3], considering an average value of 140,000 vehicles per day
with a division of 1/3 – 2/3.
The tunnel is uni-direccional, with two independent galleries, one for each way, with a total length of
1500m and it has emergency exits every 500 meters (connections between galleries with fire rated
doors). In the following figure it is presented a cross section of each gallery.

Figure 1

Tunnel cross section of each gallery.

1.2 – “Conventional” methodology flowchart
The methodology hereby referred as “conventional”, used in the risk analysis of Benfica tunnel, is the
one developed by Lund University [4], whose flowchart is presented in the figure 2.
Initially the functional description of the tunnel is made followed by the identification of the scenarios
to analyze. In the next step, annual frequencies of occurrence of each scenario are determined and the
physical modeling is done, either for the development of various fire scenarios considered, as well as
for the evacuation process. Finally, the results are represented with a F/N risk curve.
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Figure 2

Risk analysis procedure[4].

1.3 - Fire scenarios
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The following scenarios considered in the carried out analysis were fires in passenger cars (LV), fires
in heavy goods vehicles (HGV) and fires in dangerous goods vehicles (DGV).
To characterize these fires, it was considered a Heat Releasing Rate curve (HRR) for each one,
presented in the following figure.

0

Time [s]

3000

HRR curves for passenger cars, HGV and DGV.

0

Time [s]

3000

1.4 - Frequencies
In theory the frequency of fires in tunnels is related to the length of the tunnel, traffic density, slope
and traffic speed. These issues should be taken into account when comparing the available
information on fires in different tunnels. The reference values considered for the annual frequency of
fire occurrence were the following: passenger cars – 1.90x10-7; heavy goods vehicles – 1.56x10-6;
dangerous goods vehicles – 1.40x10-7 [5].
1.5 - F/N Curve
To estimate the total number of persons trapped inside the tunnel, upstream of the incident,
a typical model of evacuation, divided into two rows upstream, is considered. The first row develops
between the crash site and the first emergency exit and the second row from this emergency exit and
the entrance of the tunnel. To calculate the amount of people who die as a result of the fire inside the
tunnel, it was considered the methodology proposed by Purser [6] in the fractional effective dose
(FED) concept. The figure below shows F/N curves – the use of which is not common practice in
Portugal (see conclusions) - which show a summary of the results. It is shown two risk curves for the
tunnel study, considering the evacuation speeds of 0.7m/s and 1m/s. It is also shown two reference
risk curves, one for the Netherlands and another for Switzerland [4]. It is noted that the two samples
under study have risk curves below the two reference risk curves presented.
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2 - PROPOSED LINE BY LINE BASED METHODOLOGY
As defined in the Directive 2004/54/EC [1] (the directive) on minimum safety requirements for
tunnels in the Trans-European Road Network risk analysis is regarded as an important item to be
considered, referred in the “whereas” and the conditions on the specific demand on Article 13 (Risk
analysis).
In the safety measures as referred to in Article 3 (Annex I) there is a list of the parameters that shall be
considered into account (§1, namely §1.1.2) and it goes on through §1.1.3 reproduced hereby since it
defines in a very clear way the situations for which a risk analysis is demanded“Where a tunnel has a
special characteristic as regards the aforementioned parameters, a risk analysis shall be carried out
in accordance with Article 13 to establish whether additional safety measures and/or supplementary
equipment is necessary to ensure a high level of tunnel safety. This risk analysis shall take into
consideration possible accidents which clearly affect the safety of road users in tunnels and which
might occur during the operating stage and the nature and magnitude of their possible
consequences”.
The same Annex (I) displays in §2.19 an informative table summarizing the minimum requirements
(those set out in the operative text of the Annex).
The first column of that table presents those requirements by groups not directly defined on the
Annex. Those groups join under the same title the same type of requirements for solutions, systems
and equipments as defined in §2.1 to §2.18. So one can find “structural measures”, to “fire resistance
of equipments” go through “lighting” and “ventilation” or “road signs” and “emergency power
supply”.
Some of these groups integrate just one requirement (see, for instance, ”water supply” or “emergency
stations”) when others go up to nine (see, for instance, “communication systems” or “structural
measures”).
The methodology now proposed for risk analysis (notice that there is no methodology defined in
Portugal for risk analysis) is to go along all the items and establish a double balance. The first balance
is done inside each group, seeing if requirements inside the same group can conceal themselves; the
second balance is done between all groups.
The way of doing these balances can be double folded: qualitatively and quantitatively. Both can be
used at the same time.
The general methodology consists in attributing a numerical value to weight each item following the
following rationale:
1 – a unity value (1) is given to those items that do not apply or just comply with the
minimum requirements, thus meaning these requirements are neutral on the consideration of a
complete safety/risk analysis;
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2 – values (weights) are given to requirements that go above or stay below the directive
minimum: values above one if requirements to be implemented are also above those
expressed in the directive and below unity if minimum requirements are not satisfied (notice
that a value below unity is just the inverse of a number larger than 1 and so the same order of
precision can be achieved for weights no matter they are below or above the reference level);
3 – Some values can be kept qualitative as they could be just defined as above or below a
certain value.
Notice that these weights apply (new tunnels) to all but for 5 (five) of the requirements in order to
cope with the directive own mandatory demands as defined in § 1.2.2 of Annex I. For these five
requirements the weight can not be below 1.
The way of establishing weights is supported on work from different Institutions, namely from
PIARC, CETU, TNO, SPF, …; on existing regulations and standards, dully adapted as ASTRA,
RABT, RVS, … and from several experts; though a clear preference for linear and straight forward
models is considered.
Once weights defined, a balance for each group is established just multiplying weights from each
requirement included in the group. This just states the basis of a Regulation: if the law does not define
different values for different clauses they are “equal” and must be complied. The difference is that the
Directive allows for compensation but for the five requirements already referred. Rereading §1.1.3
(bold) it is clear that this compensation is considered, either wise the sentence would not be
conditional.
The following step comes from applying the same principles (product) to all the groups and see if an
internal compensation is possible without additional measures and supplementary equipment.
The first part of the procedure considers the infrastructure itself and so a further application is needed
to weight the operational requirements, namely §3.1 to §3.9. In the operation procedure the final result
must be combined with that arriving from the infrastructure so that compensation can be achieved.
Both sets of requirements are interconnected (some measures are considered to support operational
demands) and there is no doubt that both are to be satisfied at the same time.
2.1 Case Study
The tunnel for which the methodology and procedures are applied has a length of ~1450 m. Figure 5
presents the longitudinal evolution of the tunnel vertical alignment.
A few peculiarities can be observed in Figure 5:
1 - By the left (South) Portal to preserve and sustain two old and classified hydraulic structures
(Francesas and Águas Livres) a system of beams (dots) was designed meaning that along this zone the
ceiling reaches up to 10 m above the road; a false suspended fire resistant ceiling was designed by two
reasons: to reduce the flow needed to control smoke at the same time preventing a very high
turbulence and to protect the structures from heat. So, by the South portal the gradient of the road is
~5.3% in the first 100 m; 3.5% in the first 500 m and, if 800 m were considered, the mean slope is
reduced to 2.6%.
2 – By the North Portal an hydraulic structure is present limiting the development of the tunnel
vertical alignment; a gradient of 3.9% is observed in the last 100 m.

Figure 5

Vertical alignment of Benfica tunnel.
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3 – There are along the tunnel two zones identified by the black line where there is no ceiling in the
East gallery and where the separation wall is replaced by a line of columns that support the ceiling
from the West gallery and the containing walls both sides (figure 6 represents the two typical cross
sections of the tunnel). The lengths of the five zones so defined are (South to North): 535m (close);
305 m (open); 200 m (close); 175 m (open); and 245 m (close)
4 – Finally there is railway infrastructure that, together with another hydraulic structure, determines
for the middle closed and the last opened zones a ceiling of the tunnel just 5 m height (see figure 6).
5 – This design also determines that in the bid one can find out three different demands for design fire
load in the closed zones: 100 MW in the first (South); 0 MW for the middle; and 50 MW for the end
(North); it also determines a longitudinal ventilation system to be adopted for the two extreme zones
and natural smoke flow (and ventilation) for the middle zone.
An important point considered in the final design was that the Environmental Impact Assessment
(EIA)has determined the tunnel to be fully closed, a requirement that the bid design does not comply
with. The second question raised is that from the bid conditions there will be no dangerous goods
inside the tunnel but the fire HRR referred before were kept.

Figure 6

Typical cross sections for closed and opened zone.

A ventilation/smoke control solution was designed to cope with the EIA (keep the whole tunnel
closed and at the same time able to control smoke in a 100 MW fire, no matter at what section it could
occur).
Four reversible axial large ventilators (125 cms and 1700 Pa) were installed in a special structure in
the ceiling located approximately at half length of the tunnel (the height at the location is 7 m)
keeping the distance for massive extraction less than 800 m from each portal.
Jet fans located at the portals promote the control of longitudinal velocity in case of fire attention
being paid to the fact that this particular solution also promotes to keep the smoke layer stratified and
the smoke flow always along the traffic. Two large chimneys will evacuate (vertically to the
atmosphere) the smoke as well as the polluted air in case of ventilation.
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Summary of mínimum requirements

Structural
measures

Traffic > 2000
per lane
1000<L< 3000 m

~0,45

Gradients <5%

§2.2

*

>0.95

Emergency walkways

§2.3.1
§2.3.2

*

>1

Emergency exits at least every 500
m

§2.3.3
to
§2.3.9

*

1 (up to
>2)

Cross connections for emergency
services at least every 1500 m

§2.4.1

o/•

1

Length tunnel 1450 m
(ref. L>1500 m)(4)

Crossing of the central reserve
outside each portal

§2.4.2

•

1

According with directive

Lay-bys at least every 1000 m

§2.5

o/•

1

Length tunnel 1450 m
(ref. L>1500 m)(4)

§2.6

*

1

According with directive

§2.7

•

1
~0,45
(up to

According with directive
Below directive requirements(4)
(compensation demanded)

Normal

§2.8.1

•

1

According with directive

safety

§2.8.2

•

1

According with directive

evacuation

§2.8.3

•

1

According with directive

1

Comply with directive

Balance for lighting
Mechanical Ventilation
Special provisions for (semi)transverse ventilation
Balance of Ventilation
Emergency
stations

At least every 150 m

§2.9

•

>2

100 % redundant system
Above directive requirements
(design fire 100-0-50 MW – capability of
the system up to 100 MW) (5)

§2.9.5

o

>1

According with directive

>2

Above directive requirements
According with directive,
(2 portable estinguishers, voice
communication)

§2.10

*

Balance of emergency stations
Water
supply

At least 250 m

§2.11

•

Balance of water supply
Road signs

•

Balance of road signs

1

Comply with directive

1

According with directive

>1
>1

§2.13

o

Balance of control centre

Comply with directive
Every 300 m (includindg VSP)
Above directive requirements
Above Directive requirements

>1

Control centers (some duplicate functions)(6)
Above directive requirements

>1

Above directive requirements
DIA including smoke(7)
Above directive requirements
Above directive requirements
LHD, CCTV(DIA and smoke) CO and
oppacity detection(7)

Video (CCTV)

§2.14

o

>2

Automatic incident detection and/or
fire detection

§2.14

•

>2
>2

Above directive requirements

Traffic signals before entrances

§2.15.1

•

>1

Above directive requirements (8)

Traffic signals inside the tunnel at
least every 1000 m

§2.15.2

o

>1

Every 300 m
Above directive requirements(8)

>1

Above directive requirements

•

1

According with directive

•

1

According with directive

Balance of monitoring systems
Equipment
to close
the tunnel

1

1
§2.12

Control
centre

Monitoring
systems

ADT (2030) 23500 veh/lane
(ref. ADT 10000)(1)
Gradients 2,6% in 800 m
(ref. 3%)(2)
1 elevated walkway and 1 shoulder lane
each side (>1,0 m)
Above directive requirements(3)
500 m
According with directive requirements
(ref. 500 m) . Linear Evac model(4)

§2.1

Balance for structural measures

Ventilation

Additional conditions for implementation to
be mandatory, or comments

2 tubes or more

Drainage for flammable and toxic
liquids
Fire resistance of structures

Lighting

Weight

Balance of equipments to closet the tunnel
Radio re-broadcasting for
§2.16.1
Communica
emergency services
tion
Emergency radio messages for
systems
§2.16.2
tunnels users
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Summary of mínimum requirements
Loudspeakers in shelters and exits

Traffic > 2000
per lane
1000<L< 3000 m
§2.16.3
•

Balance of communication systems

Weight

Additional conditions for implementation to
be mandatory, or comments

1

According with directive

1

Comply with directive

§2.17

•

1

According with directive(9)

Balance of emergency power supply
Fire resistance of equipments
§2.18

•

1
1

Comply with directive
According with directive

1

Comply with directive

Emergency power supply

Balance of fire resistance of equipment

Mandatory; *Mandatory with exceptions; o not mandatory; @ recommended

•

~1,8 up
to 3.6

RESULT (infrastructure)

Structure, equipments and systems above
directive requirements

Table 1 – Summary of minimum requirements for the infrastructure.
Summary of minimum requirements

Traffic > 2000
per lane
1000m<L<3000m

Weight

Additional conditions for implementation to
be mandatory, or comments

OPERATIONAL REQUIREMENTS
Presence and percentage of HGV
Operating Means
Emergency planning
Works in tunnel

§1.3.2
§3.1
§3.2
§3.3

~5%

Management of I/A

§3.4

1

Activity of the control centre
Tunnel closure

§3.5
§3.6

1
1

Transport of dangerous goods

§3.7

>1

Overtaking

§3.8

>0.5

Distance between vehicles and speed

§3.9

>0.8

Information campaigns

§4

1

RESULT (OPERATION)

Table 2

>1.3

Summary of operational requirements.
GLOBAL SAFETY COEFFICIENT

Table 3

>3
1
1
1

Global Safety Coefficient.

>2 up to
4

DGV~1,5% of HGV(10)
According with directive
According with directive
According with directive
According with directive
(emergency services at the tunnel portals)
According with directive
According with directive
Above the directive (ADT and vehicle
inspection mandatory and design to control
smoke in a 100 MW fire)(11)
No overtake control for HGV
Below the directive requirements
(from the beginning rush hours will mean
traffic jam in one sense)(12)
According with directive
Operational conditions heavy demanding
compensation from minimum requirements

The probability of an accident involving
fatalities is about 1/5 that to be expected for
the reference tunnel (directive)

(1) Number of incidents/accidents (including fire) proportional to the number of veh.km. Reference
value of 10,000 veh per day and per lane [7];
(2) Slope varies at a fast rate. Maximum value for 800 m is 2.6% however in the first 100 m in South
side the gradient is 5.6% (to go under the old hydraulic structures) and in the first 500 m is 3.5%
(definition of the weight, linear model) in the last 100 m (North portal) is 3.9%;
(3) Two emergency elevated walkways (one at each side) no emergency lane;
(4) Emergency exits (for ET) every 500 m. Figure 7 represents a HRR (HRR α t2) for the most
probable heavy fire occurance (20 MW - 5% HGV and about half would be buses).
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Figure 7

HRR versus time (20 MW typical fire - see letters and figures definition below).

The ratio between time to reach cross galleries associated with D (500 m between cross passages)
and D’ (300 m) – is a measure (linear) for a comparison of self evacuation conditions. As a
matter of fact the figure shows that it is possible to compensate up to a weight factor of 2
(distance between cross passages ~100 m) if full compensation is considered for infrastrucutre
alone [8];
(5) The smoke is kept stratified and it is removed in the same sense as the traffic by massive
extraction/supply (~250 cms – 2 fans; 4 identical exhaust fans available) in no more than 800 m
extension of the MT and the longitudinal flow is dynamically controled (HRR up to 100 MW)
along time by operating jet fans at the portals. Smoke generation for a 30 MW fire ~80 cms; for
50 MW ~130 cms; and 180 to 200 cms for 100 MW; stratification promoted by tangencial
extraction – fire in the first half of the tunnel – and injection (Saccardo nozzle) – fire in the
second half of the tunnel length [9];
(6) A control centre was considered (design) signals can be treated either locally or by a remote
control centre (superimpose the local CC) (the main centre);
(7) The detection is more than fully redundant, 5 sytems and at least 5 different procedures for
alarm;
(8) There are TL and VSP as well as VMP not only outside but also inside the tunnel approximately
every 300 m;
(9) Though feeded by a reliable line (no more than 4 hours of power failure in a year is guaranteed
by the facility) there is a dedicated power station with diesel driven generators to cover all the
emergency needs and most of the subsystems are also fed by UPS;
(10) The traffic was estimated for the site based on the traffic of all the roads around, as the CRIL
zone to be built (below 3 km and comprising two more small tunnels) is the closure of the 2nd
ring around Lisbon. It is expected that 95% of traffic will be of LV and only 5% of HGV of
which around 50% would be buses and around 1.5% can be considered as DGV (circulation from
Lisbon port area and though dangerous goods are forbidden to go along the tunnel the fire design
load was considered 100 MW).
The return period for a heavy fire (bus – 20 MW) can be estimated above 30 years and for a
HGV (30 MW) around 100 years. For a DGV, above 1000 years of return period is to be
considered;
(11) As HRR is proportional to the combustible load [10] it is obvious that 20 MW will be the most
probable large fire from a heavy vehicle and that a 30 MW HRR would have been the most likely
value to be considered (see note 10);
(12) In the 2030 horizon there will be more than 14,000 vehicles in the peak hour crossing the tunnel
(9 to 10 thousands in one way), which is an impossibility as maximum flow will not exceed
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1,600/1,800 veh per lane and per hour. Traffic jam is to be expected at peak hours and so the
need for a very reliable and safe smoke control system (massive extraction or insuflation;
tangencial flow to keep stratification, longitudinal control of velocity by jet fans at the portal far
from the fire).
3 - CONCLUSIONS
The first conclusion is that the application of directive 2004/54/CE including what concerns risk
analysis, if needed, can be done a posteriori. The designer can use his professional experience to
develop a project on tunnel safety and then use the directive to establish its compliance with the
minimum requirements.
A second conclusion is that quantitative “classical analysis” as the one presented based on FED can
show results that though “measurable” still can raise a lot of questions, namely from the
Administrative Authority, in countries like Portugal where there is no tradition (not even a definition)
on the use of F-N curves but for building design and even here not directly (return period).
The third conclusion is that the methodology presented (weight for the measures taken, balance inside
each group and compensation between infrastructure design and operational conditions) can prove
effective as, has shown, an associate series of procedures can generate a figure (quantitative analysis)
that represents a minimum safety margin (qualitative analysis of some factors expressed by an
inequality) on the final risk to be considered by the tunnel when compared with what could have been
a reference tunnel.
It is important to see that compensation measures are based in four groups: structural; ventilation;
control centre; and monitoring. Structural measures are static and their weight, though the highest, is
as matter of fact dictated by the ADT. All the other measures are to be considered dynamic, two of
them crucial in the detection of the accidents (namely fire) and the 3rd one determinant in the
guarantee to preserve a tenable environment in the fire zone as long as possible.
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ABSRACT
In the field of rail tunnel fire safety the concept of risk analysis plays an important part in the creation
of a fire safety design that meets the objectives of the different stakeholders. For rail tunnels, there is
very little information available about how to perform a quantitative risk assessment. Therefore,
research on this topic has been conducted in order to develop a risk assessment methodology able to
quantify the risk for people present in a tunnel.
The problem is approached by means of an extensive literature study in which the deterministic cause
of fires in tunnels is investigated. From this, the major contributing factors leading to disastrous
events are determined. Next, a bow-tie structure was chosen for representing the risk assessment
model. For the construction of the event tree part of the bow-tie, a closer look is taken at past
accidents. From these experiences, the most important factors are determined to be: Human
behaviour, fire growth curve, ventilation conditions, safety systems and population distribution. These
factors are incorporated into the event tree by using pathway factors. After determining these factors,
the frequencies are calculated for each branch outcome. The data obtained for these frequencies is
based on European research projects, fault tree analysis and engineering judgement.
For the determination of the consequences, the method is assisted by three integrated models: The
Smoke spread, Evacuation and Consequence model. The models can take all types of geometry and
materials, human behaviour and different susceptibilities of people for smoke into account. Together,
they determine the possible number of fatalities, by means of a FID value, in case of a fire in a rail
tunnel.
The final risk is presented by the expected number of fatalities, the individual risk and the societal
risk. The societal risk is demonstrated through visualisation of an FN-curve.
KEYWORDS: Quantitative risk assessment, risk analysis, rail tunnel, FID, sensitivity study
INTRODUCTION & OBJECTIVE
For tunnels in general, the concept of risk analysis plays an important role to create a fire safe design
that meets the objective of the different stakeholders. For road tunnels, many regulations, standards
and directives are available as guidance. For rail tunnels however, the amount of reference documents
is much scarcer, which leaves an important role for the designer. Relying solely on engineering
judgement may lead to different safety levels for different rail projects. As a significant part of
designing fire safety systems is based on extreme events, it is of crucial importance of making the
process of risk analysis more objective. As the probability of having a fire on a train in a tunnel is
reasonably low, but the consequences can be extremely high. That is why the need for an appropriate
risk analysis methodology for rail tunnels would contribute to making an acceptable fire safety design
with consensus of all the stakeholders more objective.
When dimensioning safety systems in an underground infrastructure, the main influencing parameter
is the design fire. There is a wide range of possible fire scenarios occurring in underground structures
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and one can always think of a scenario that is more worst-case. In recent years some very extensive
measuring campaigns [1] & [2] have been performed that show the possibility of reaching really high
peak heat release rates for rail carriages under specific boundary conditions (e.g. ignition source and
reaction to fire of materials).
A question that automatically comes to mind is, should we be designing all tunnels where trains are
allowed based on a 55 or 70 MW design fire? The problem of a purely deterministic approach is that
the design will have an acceptable result for the design fire scenario the design team considers
“realistic worst-case”. In order to add a more objective way of dealing with the safety level, there is a
need to add a probabilistic element in the analysis, in the form of a distribution curve. Therefore,
research on this topic has been conducted at FESG and further developed into a tool during an IMFSE
or International Master in Fire Safety Engineering thesis in cooperation with the University of Ghent.
The purpose of the study is to develop a quantitative risk assessment methodology able to quantify the
risk for people present in the tunnel. The main objectives within this requirement is that the
methodology:
- Should be developed in a way that it enables the user to compare different alternative
solutions with each other;
- Should compare these alternative solutions with predefined acceptable risk criteria.
The research focuses only on passenger transport and is divided in four main parts. The literature
study, the development of the methodology, the case study and the sensitivity analysis.
LITERATURE STUDY
As a means of determining the most optimal approach for the quantitative risk assessment model,
research has been conducted regarding risk assessment methodologies used for tunnels in European
countries and in other types of infrastructure. The study showed that within near future possibilities of
computational capacity, statistical data acquisition, etc. the bow-tie model (Figure 1) could be a
suitable method to approach this problem.

Figure 1

Concept of the bow-tie model. Taken from [1].

The bow-tie model is a combination of the fault and event tree analysis (FTA & ETA) with a critical
event in the middle. This technique requires formation of fault structures at the left side and branch
scenario’s at the right side of the critical event. In this respect, risk is analysed from an engineering
point of view by multiplying frequency and consequences. Every branch scenario has its own
frequency and consequences in terms of fatalities per year. By providing preventive safety measures
in the FTA and mitigation safety measures in the ETA part it will be possible to reduce the negative
effectives from fire situations.
424

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

DEVELOPMENT OF THE METHODLOGY
The bow-tie model for fire situations in rail tunnels was constructed by analysing past accidents. The
most important factors which may lead to the sequence of events were determined to be: Human
behaviour, fire growth curve, ventilation conditions, safety systems and population distribution. With
this information, it was possible to indicate the most critical events which should be taken into
account in the fault & event tree structure. In this case, two events are chosen to be the most crucial:
the “Fire initiation” and “Stop in tunnel & fire in train” of which the second event is considered the
most crucial one because in the first event the train has a significant probability of stopping before or
driving through the tunnel.
The “Fire initiation” event is considered as the start of the event tree. Instead of developing a fault tree
structure for this event, fire frequency data is collected from national governmental institutes and
international research projects to determine the initial fire frequency in trains. After this initial event,
six pathway factors are used to determine the second crucial event of “Stop in tunnel & fire in train”.
These pathway factors give multiple branches of which several have the same outcome of a stop of
the train in the tunnel. In order to reduce the number of possibilities, the outcomes are taken together
and initiate the second event tree (Figure 2). In the second event tree five pathway factors are used for
obtaining different outcomes. These pathway factors determine the fire growth scenario, detection &
activation times, ventilation performance, the smoke free zone and the population density.

Figure 2

Concept of two event trees.

The quantification of probabilities of the pathway factors are determined by using [3]:
- Historical data: Incident data (i.e. accident), failure rate data (i.e. equipment failures) and
failure probability data (i.e. human error).
- Fault tree analysis: Structured method to quantify initiating fire occurrence events by using
technical specifications or failure rates.
- Engineering judgement: Probabilities based on expert judgement.
After determining the branch probabilities, the consequences for each branch outcome are evaluated.
As a means of achieving the result in terms of fatalities per year, the methodology is assisted by three
models: The Smoke spread, Evacuation and Consequence model.
The smoke spread model is needed to model the physical movement of products from the fire such as
heat and smoke spread. The model should be able to take the following configurations into account:
- Complex tunnel and train geometry must be modelled. 3D-effect should be taken into
account.
- It should hold the state-equations of conservation of mass, energy and momentum.
- Proper pressure losses should be modelled or imposed at the boundaries.
- The transient effects of fire development are of importance in evacuation circumstances.
- The model should be able to take different types of fire safety systems such as smoke and heat
exhaust systems, different detection devices, train localisation systems, etc. into account.
- Proper output data must be provided for the evacuation model.
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Two types of models are investigated. A 1D-model and a 3D CFD model. In order to obtain more
realistic result the 3D model FDS [4] is considered to be more accurate, especially for larger and more
complex cross sections. By comparing simulations of 1D and 3D models, it was found that 1D models
tend to underestimate the smoke concentrations above the evacuation path. Secondly, the output of the
3D model was found to be more appropriate to use as input for the evacuation model.
The smoke spread model requires various input factors of which the most important regarding
toxicology of products of combustion for fire in trains are studied. According to Purser [5], the CO
and HCN asphyxiant gases are the most relevant toxic product of combustion relating to
incapacitation and death. Therefore, these product were studied together with soot products for
visibility.
For the CO-yield, Babrauskas [6] stated and confirmed by [7] that the generation of CO is largely
determined according to the oxygen available for combustion (Figure 3). Depending on the fuel, the
yields could vary between 0.13-0.18 g/g. However, in German guidelines [8] lower values between
0.02-0.08 g/g are advised. The difference can be due to fact that the higher values are from benchscale and the lower German values are advised based on large scale experiments.

Figure 3

CO yield in terms of equivalence ratio measured in catcher hood experiments (Left) [4]
and in the tube furnace (right) [7].

HCN concentrations are more material dependent. HCN can only be created if nitrogen is
incorporated into the fuel. According to Purser [9] the HCN-yield is as well related to the equivalence
ratio. However, the spread is higher due to material dependency. Consequently, it is advised to
determine the materials which are likely to burn in case of fire in a rail car and link the corresponding
average weighted value to HCN-yields.
The third component taken into account is the soot-yield. The German guideline [8] advises values
between 0.03-0.15 g/g for rail cars.
The output data obtained from the smoke spread model is used as input for the evacuation model,
which is able to take complex interactions between evacuating passengers and products of combustion
into account. The purpose of the model is to determine the heat and toxic gas doses of the different
products of combustion for each person which is exposed to the fire and smoke during evacuation.
In order to choose an optimal evacuation model, the main parameters which should be taken into
account for rail tunnel fire circumstances include modelling the following configurations:
- Tunnel and train geometry should be able to be taken into account.
- The evacuation transition from the train to the emergency walkway and from the walkway to
the emergency doors or tunnel portal.
- The model should determine the optimal way of evacuation without predefining necessary
evacuation routes.
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Distributions of pre-movement times, walking speeds, population types, etc. should be taken
into account. Especially, walking velocity variations will have a large impact on evacuation
times because it has been encountered that, in smoke filled tunnels, people tend to walk in one
row behind each other next to the wall in order to have a guidance from that wall during
evacuation [10]. This means that slower people will tend to hold other people up.
Aspects of human behaviour should be taken into account, e.g. people and place affiliation,
keeping interpersonal distance between one another, reduces walking velocities in case of
high people densities.
The time dependent effects of smoke should be taken into account. The effects of visibility
and irritant gases should have an impact on evacuation flow.
The model should take different types of safety systems into account such as voice
communication, passive and dynamic evacuation signalling, improved walkways, handrail,
etc.
The output data obtained from the model should in a useable form in order to determine the
effects on each person.

Additionally, in case of an evacuation out of train into the tunnel towards an emergency exit, the
effect of merging flow phenomena can be of importance. Several experiments have been performed in
the past. A paper by Oswald [11] showed the effect of merging flows when evacuating the train. The
figure below shows people flows at the different doors of the trains. The horizontal lines at the
different doors in the graph indicate that people need to wait until a large part of the carriage in front
of them is emptied. This could mean that merging becomes a less dominant factor. However, this was
not the case for every train carriage (door 7 and 8).

Figure 4: Person flows at doors 1 to 9 at the evacuation of a train in a simulated tunnel situation [11]
Taking these attention points in mind, the model STEPS [12] is chosen to model the evacuation
circumstances in the tunnel because it takes the most important above mentionned phenomena into
account.
The third model used is the consequence model. This model is developed to convert the
concentrations, obtained from the evacuation model, corresponding to each person in the tunnel to a
fatality rate per scenario. In order to estimate the effect of fire on people in the tunnel the main
sources of hazard should be investigated. These are heat, radiation, irritant and asphyxiant gases. In
case of a fire in a tunnel, the most significant factor for incapacitation is likely to be asphyxiant and
irritant gasses. Heat and radiation will be less significant due to the ventilation conditions, the fact that
fire is shielded for a large part inside the train and the large distances people have to travel inside the
tunnel.
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In the model, the effect of asphyxiant gases (CO, CO2, HCN and low O2) and irritant gases are taken
into account by means of correlations formulated by Pursers [7]. In contrast to the ISO 13571 [13],
these correlations take the non-linearity of different types of concentrations into account. Purser
combines the correlation and uses one value in order to determine whether a person becomes
incapacitated or not. This is the FID or Fractional Incapacitation Dose. The FID is in principal the
ratio of the dose for a gaseous toxicant produced in a given test to that dose of the toxicant that has
been statistically determined from independent experimental data to produce incapacitation in 50
percent of test animals within a specified exposure and post exposure time. The FID is determined for
each person exposed to the fire and smoke. When the value becomes unity it is assumed that the
considered person will incapacitate and is likely to result in a fatality [7]. The visibility is taken into
account by use of the Yin Yamada correlation [14] which takes the walking velocity as function of the
extinction coefficient into account.
The use of the above mentioned correlations represents the population of healthy young men.
However, in reality, not only these type of persons but also children, elderly, pregnant women, etc.
take the train. Additionally, the chosen parameters in the correlations carry a large degree of
uncertainty. Therefore, the susceptibility of different types of people is taken into account by varying
the exposure dose for incapacitation in the FID correlation for CO:

Where:

𝐹𝐼𝑐𝑜 = 3.317 ∗ 10−5 ∗ [𝐶𝑂]1.036 ∗ 𝑉 ∗

[CO]
V
t
D

CO concentration [ppm].
Volume of air breathed each minute [l/min].
Exposure time [min].
Exposure dose for incapacitation [%COHb].

𝑡
𝐷

The D value is varied by using data statistical data from primates which correspond closely to human
properties suggested by Purser. The curves showed in Figure 5 are a Normal and Beta distribution
based on the same data. In the model the normal distribution is used because it is slightly more
conservative. The volume of air breathed can be approach similarly. However, it will not only depend
on age but also on walking speed and stress.

Figure 5

Normal and Beta distribution for the exposure dose for incapacitation.

Every person in the tunnel must be assigned one D value from the curve. This is done by random
choice using Monte Carlo simulations. Each subject is assigned a D value which determines the final
FID value. If the FID value is higher than unity, the person is considered to be incapacitated. This is
done for every person evacuating and every run will give the estimated amount of fatalities. By
running the model a large amount of times the final value will be an average fatality rate for each
scenario.
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The advantage of the above described models is that it can take all types of geometry and materials,
human behaviour and different susceptibilities of people for smoke into account. Together, they
determine the possible number of fatalities, by means of a FID value, in case of a fire in a rail tunnel.
The final risk is presented by the expected number of fatalities, the individual risk and the societal
risk. The societal risk is demonstrated through visualisation of an FN-curve (See following section).
As with all risk analysis methodologies, the importance of having the right probabilistic data is large.
In order to address the uncertainty from the proposed input parameters, a sensitivity analysis must be
performed. Two types of analysis are chosen (See case study):
- An individual sensitivity analysis is implemented in which the sensitivity of the most
important input parameters is determined. The results are visualised in a tornado diagram.
- A collective sensitivity analysis is structured in which all significant input parameter are
varied at once. The purpose is to determine the uncertainty of the end results. The results are
visualised in an FN-curve.
CASE STUDY
The purpose of the study was to make a methodology which is able to be used in practical
applications. Consequently, a case study is performed on an existing underground rail link. The goal
is to show the possibility of comparing alternative solutions with each other. The part of the rail link
studied is the combination of a 500 m tunnel section and a station. The tunnel contains 6 tracks and
has a cross section of about 32 x 5.2 m². The traffic type chosen are 26 m long double-decker rail-way
cars (Figure 6).

Figure 6

CFD model tunnel and station (Left) and Double-decker railway-car (Right) [15].

In order to compare different alternative solutions, several safety systems can be proposed. The
systems are divided in two types: systems that are incorporated and systems which can be added in
order to show the impact on the risk level. In the case study, the following safety systems are always
taken into account: automatic brake stopping system, emergency response, alarm and voice
communication system. The following systems are compared in alternative solutions: a linear heat
detection system, a train localisation system, a longitudinal ventilation system and a brake overrule
system.
In Figure 7, these safety systems are compared with each other and against two predefined limits,
from Sweden and the Netherlands (straight lines). The Reference FN-curve shows the reference curve
with no longitudinal ventilation, linear detection nor train localisation system. The FN-curve below
presents the effect of linear detection and longitudinal ventilation. The next FN-curve shows the effect
of also adding train localisation. The last curve presents the consequences of adding additionally a
brake overrule system.
The curves show a clear shift downwards when multiple safety systems are added to the concept. This
is because basically the failure frequencies of each branch in the event tree are adjusted. In case all
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systems are provided, scenarios with high consequences will have lower probabilities than scenarios
where few safety systems are chosen. Then higher consequences will occur more easily. When, in this
case study, the two limits are take into account, then the FN-curve with linear detection, longitudinal
ventilation and train localisation system could be considered acceptable.
Note that no horizontal shift is observed because only reliability data are taken into account which
only changes probabilities. No efficiency data is used because no measures were applied which have
an impact on for example smoke spread or evacuation times. In case different SHE systems would be
applied, also the deterministic part of the FN curve will shift. In this way the effectiveness of the
systems can be determined which in engineering terms is reliability times efficiency.

Societal risk : FN-curve
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Frequencies [Year-1]

1,28E-02
6,40E-04
3,20E-05
1,60E-06
8,00E-08
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1,00E-11
1
Limit from the Netherlands
Fn-curve with vent. & det.

Figure 7
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Limit from Sweden

Reference FN-curve no ventilation

Fn-curve with vent., det. & train loc.

Fn-curve with all systems

FN-curve case study with different alternative solutions.

As mentioned above, a sensitivity analysis is performed and divided in two parts. The first part studies
the sensitivity of each parameter within certain ranges. In the second part, all parameters are varied at
once and the overall result is compared with the Dutch and Swedish limits. The aim of the first
sensitivity analysis is to show the influence on the outcome of varying each parameter individually. A
range of input parameters have been studied. The most important input factors are assigned a possible
range of frequencies and probabilities based on, fault tree data, historical frequencies and engineering
judgment. The purpose is to show the sensitivity of each parameter by means of a Tornado-diagram.
The Y-axe shows each parameter and the X-axe shows the standard deviation of the final risk value
when each parameter is varied. By means of the diagram, the designer is able to determine the most
sensitive input parameters which are useful when discussing the results with the end client and
proposing additional measures.
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Figure 8

Tornado diagram of the sensitivity analysis.

The aim of the second sensitivity analysis is to determine the sensitivity of the concept when all
parameters are variable. Depending on the type of input: uniform, normal or beta distributions are
applied. The results in Figure 9 show the effect of the sensitivity analysis. The upper bound (red
curve) shows 2 times the standard deviation of the results. The figure shows that 2 points peak above
the curve which means that within the chosen reliability interval the upper limit is not acceptable
anymore. When these points are lowered by decreasing the standard deviation and thus the reliability,
then the results will come at a certain point within acceptable limits. This means that a statement
could be made about the reliability of the results and therefore about the reliability of the applied
safety system. For example, in the applied case study, it could be said that the results are within the
acceptable limits with an 84% reliability interval taking the predefined assumptions into account.
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CONCLUSION
The results show that the developed tool can be useful in, both new and upgrading tunnel projects, in
order to determine what combinations of different fire safety systems (each time a different FN-curve)
achieve which safety level. This way it is possible to select the most cost-effective combination of
measures that lead to an acceptable safety level. The method backs-up the results by showing the
effect of uncertainty on the reliability of the safety system.
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ABSTRACT
The road and rail traffic in the densely populated Netherlands is still increasing. To adequately solve
the mobility issues, an increase in the construction of new tunnels can be observed. The consequences
of calamities in tunnels are much more severe than at ground level and it is more difficult for the
rescue teams to reach the location. Each tunnel is unique and therefore requires its own approach.
Administrators, tunnel managers and emergency services should be prepared for the specific risks that
each tunnel entails. In order to achieve a secure and safe tunnel, specialist knowledge is needed such
as: guidance through a multitude of laws, regulations and permits, appropriate knowledge with
technical solutions and design as well as knowledge about tunnel management, operation and
maintenance. After a recent change of law incorporating a technical standardization the situation has
changed but new challenges lie ahead due to a shift in responsibilities. The role of a consultant party
with knowledge of the full scope of the process and the interests of stakeolders is of great importance
for a smooth process. There where the Dutch standardized tunnel safety approach does not offer an
optimal solution, creative alternative solutions must be explored with modern techniques as CFD. The
value of CFD is of increasing importance and acceptance among stakeholders is starting to take
ground.
KEYWORDS: tunnel safety, quantitative risk analysis, tunnel standard, scenario analysis, safety
dossier, tunnel installations, computational fluid dynamics, The Netherlands, stakeholders.
TUNNELS IN THE NETHERLANDS: FROM NIGHTMARE TO SALVATION?
Getting a tunnel realized in the Netherlands is one of the more ambitious undertakings in a person’s
life. In most of the country the soil is unstable. Building and safety regulations are distributed among
documents with several statuses. Realization of centrally financed tunnels is dependent on local
approval by municipalities and their fire fighting services, to be provided in a climate of suspicion and
battles in the near past. Complex projects are broken up into smaller projects with each project
manager restricting himself to his own scope, causing the integral approach to tunnel safety to
disappear in the void. Traffic jams tend to extend more and more into tunnels, putting constraints on
traffic management in city areas and challenging the current tunnel safety principles. In a broad sense
there is a friction between paper and reality. Regulations for local (as in municipal or provincial)
tunnels are floating, due to a recent change of law. Local tunnel safety officers are under heavy
pressure to approve, but lack the necessary knowledge and backing, especially after the recent
abolishment of the national Tunnel Safety Advisory Board. Due to design-and-construct contract
formats, local governments need to provide building permits based on provisional tunnel safety
systems designs. In addition to that they are squeezed between the necessity to reduce cost and their
accountability in case of a calamity.
In the recent past several tunnel projects in the Netherlands have suffered huge budget overruns up to
millions of Euros and delays up to years. Some newly built tunnels were sparsely available to drivers,
because of ongoing closures due to safety systems integration problems. Tunnels, in short, were a
nightmare. The national government have reacted to this by wielding the axe on regulations, resolving
certain issues by force and hoping other issues to be resolved by standardization. However, complex
problems are not always solved by means of an instrument as blunt as an axe or as fragile as hope. A
lot of complexities and challenges remain. For all parties involved, getting a tunnel realized with a
justifiable level of safety and within the limits of time and budget is anything but a routine operation.

433

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

TUNNELS IN DUTCH SOIL: TURNING INSTABILITY INTO SAFETY
Dutch tunnelling situations
A common motivation for constructing a tunnel, being a way to offer an efficient way to avoid
leading traffic over extreme geographic elevations, does not exist in the mainly flat Netherlands.
However, being a densely populated country with numerous waterways forming obstructions to land
based traffic, there are other valid motivations for constructing tunnels. Besides tunnels being an
attractive alternative for bridges (they do not bring limitations to shipping) they also offer a way to
obtain an efficient and environmentally attractive alternative for circulation in urban regions. That
being said, a relatively high density of tunnels can be found in the densely populated western
provinces of the country, with a considerable potential for future additions.
Dutch tunnelling construction demands
The Dutch soil in the regions where tunnels have great economic interest is often of a more unstable
type (clay, peat) offering limited support in comparison to rock and limestone. This calls for a specific
approach to constructing tunnels. As tunnels are often built just below the surface or under shallow
waterways, a cut and cover technique can often be applied. This allows for adequate reinforcements
around the tunnel box to be constructed to allow for sufficient stabilisation. It also means that usage
restrictions are brought in the area above the tunnel just before and during construction of the tunnel.
A second technique is immersing prefab tunnel elements on to a reinforced river or seabed. This
method has been used in tunnels crossing waterways in the Netherlands. Drilling ,the well known
technique used in mountainous regions or regions with stable rocky or limestone soil, has also
successfully been used in the unstable Dutch soil. Movares has 20 years of experience with this
methodology and has offered groundbreaking engineering efforts in making this possible for a number
of tunnels, either mono, duo or triple tube solutions. The additional challenges with this method are
counteracting the effects of blow-out in thinner layers of the soft soil, and surface and tunnel segment
settlement over time.
THE DUTCH LEGISLATIVE CLIMATE
Once the tunnel is built and is ready to be opened, it has to comply to local legislation. A few small
nuances are implied by the construction type chosen (drilling vs. other types implies a difference in
requirement for distance between emergency exits), but most technical and civil safety requirement
are insensitive to the chosen construction type. Dutch tunnel law is a more limiting implementation of
the European directive (2004/54/EG). A number of demands in the directive are narrowed down by
factor 2 or 4 in Dutch legislation. From July 2013 a new law has become effective that consists of the
law text itself and a regulation document containing details for requirements for technical and
constructional features.
The new 2013 law
The law itself is is referred to as WARVW, (Wet Aanvullende Regels Veiligheid Wegtunnel, i.e. law
with associated regulations, for safety in road tunnels). As the name implies this law adds tunnel
specific regulations to the general regulations for building, also containing chapters concerning
tunnels mainly focusing on civil aspects. Compared to its predecessor it contains a number of major
changes, mainly concerning the process. The first change is that the new law prescribes a standard for
the civil dimensioning, traffic regulation and most important, the requirements for technical
equipment. By following this standard in a demonstratable way the constructor can be sure he can
build a tunnel complying to the tunnel safety requirements. The second change is that this
compliance has additionally to be demonstrated and proven by the execution of a quantitative risk
analysis (QRA). The exact tool to be used to do this is prescribed in the regulation itself. The law is
accompanied by the aforementioned regulations document, the RARVW, a detailed regulation that
conceptually describes the standard equipment level. This RARVW in turn is accompanied by a
national tunnel standard (LTS, [5]), that is specifically valid for national tunnels and offers a very
detailed set of requirements for tunnels. For other tunnels (private, city, provincial) an equivalent for
the LTS has yet to be developed, and for these tunnels the explicit requirement for following a
standard like the LTS is not present at this time. They must however at all times comply to the
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RARVW and the aforementioned QRA. The third change is that the current law does no longer
require a scenario analysis (perform by a multi-disciplinary team of experts from fire brigades, aiding
authorities, the tunnel manager and…) that was used to fine tune the execution level of tunnel
equipment. The last major change is that an independent tunnel safety advisory board instated by the
government has been dismantled as a result of the new law. Summarizing the process has lead from a
more tailor made , but clearly safety driven approach prone to a long discussion process, to a more
standardized approach where financial motivations may play a more important role. The advantage
being that there is less room for discussion and potentially less delays in the process toward officially
opening the tunnel.
Processes
The process leading towards the opening of a tunnel can be described as 3 major steps each with their
own documentation and process requirements. The documentation for all these phases must by law be
supplied in a prescribed format and document structure.
The planning phase:
In the first phase, the planning phase in which a high level conceptual study for the realisation of a
tunnel as part of the broader infrastructure and fitted into the landscape, tunnel safety is covered in the
TVP, the tunnel safety plan. This document already describes conceptually what the tunnel will look
like physically and safety wise in relation to surrounding infrastructure. It forms the basis for the
decision taken (by higher level authority) to enter the following step.
The engineering phase:
In the next step the TVP is detailed further into forming the basis for a build plan. (BP). This build
plan will be established in close cooperation with the tunnel manager and other stakeholders. It will
form the basis for the safety case in the basis of which the local governing authorities will give green
light for the start of the engineering and building process.
The building phase:
After the permit to build the tunnel has been granted, the process toward the final step will be started.
In this last step the processes required to operate the tunnel in a safe way will be developed and
described. The resulting document known as the safety management plan (VBP) will cover the
processes and roles of stakeholders in the operation of the tunnel. In this step aid providers (police,
fire-fighters and medical personnel) will play a crucial role in defining the processes. They will
perform scenario analysis, to define how incident situations will be dealt with and how the
surrounding facilities and infrastructures will be used to offer an optimal process in dealing with
incidents. The safety management plan is once again an evolutionary step from up from the build
plan. It will offer a convincing technical substantiation that the realized facilities actually perform
their job as intended from the basis upon which the governing authorities will decide upon granting
permission to open the tunnel.
The safety dossier
The above accumulates to the safety dossier. Beside aforementioned documents it also contains
among others a calamity plan, a letter of intent and policy statement from the tunnel manager and the
report of the quantitative risk analysis. The safety dossier remains the responsibility of the tunnel
manager and must be kept up to date during the operational life of the tunnel or until changes in the
preconditions take place to such a degree that a revision is necessary.
INTERESTS OF STAKEHOLDERS IN TUNNEL SAFETY
In the complex playing field of responsibilities and interests a clear view of all stakeholders is of
paramount importance in counselling towards an integral process. As described in the introduction of
this writing, the many stakeholders, the subdivision into smaller projects and responsibilities, and the
field of tension between cost effectiveness and liability makes the process excessively complicated
and time consuming. The first step in seeking resolve is to map the interest and risks of the main
stakeholders. This is where a third party engineering and consultancy company like Movares comes
in that can offer the binder between the stakeholders, communication issues and the preferred process.
A good consultant is aware of the risks involved for the different stakeholders and their interests. For
the main stakeholders in the process the interests and risks will be pointed out in the next items:
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Tunnel Manager
The tunnel manager carries responsibility for the safe operation of the tunnel and is part of the
customers organization. In the planning and engineering phase before the project is put to the market
his role is more limited, but he forms the link between the customer and the engineers developing the
conceptual design for the tunnel. During the realization phase, he forms the link between competent
authorities and the contractor. The tunnel manager will compose and present the tunnel safety dossier
(after approval by the safety officer) and ask competent authority for permission to open the tunnel
when it is ready and evidence of a sound execution is delivered by the contractor for the technical
installations. Before taking this step, he will make sure that he fulfills the requirements and will
perform all activities needed to make sure the permit will be granted. He also makes sure that the
contractor’s execution of the technical facilities will meet the requirements for safety, interoperability
and availability. After the permit is granted the tunnel manager is responsible for keeping the tunnel
and the documentation in adequate shape and keeping the tunnel in operation safely within the
required availability budget. He is responsible for assigning a maintenance contract to a maintenance
contractor, and will be held accountable for tunnel downtime and failing safety systems.
Aid providers
Police, firefighting services and medical aid providers play a major role in handling the aftermath of
incident situations. Before the mentioned law revision they were closely involved in the process
leading to the level of technical facilities. This process was largely influenced by the individuals
involved and their political and professional interests and therefore often lead to long discussions
leading to delays in the process. Now that the set of obligatory facilities is almost fully laid down in
the law and regulations, the need for this discussion has been reduces and the only discussion that will
take place with these stakeholders is the discussion about how the processes around the handling of
incidents will be organized. They do however still have an advisory roll towards competent authorities
and through this route can still influence the process leading towards rejecting or accepting the
granting of the permit. Their influence is still present in this way. As the standard still leaves room
for some interpretation and clearly leaves a grey area for tunnels of length between 250 and 500 m,
tunnels in this category do present situations where aid providers can and will play a major role. The
interest of aid providers is primarily the degree to which victims can bring themselves into safety, but
also the facilities in place that provide means to offer assistance as close as possible to the incident
location when needed.
Safety official
The safety official (dutch: veiligheidsbeambte) has a major role in the process of determining whether
a tunnel is as safe as it should be. He will advise the competent authorities via the tunnel manager and
has an elaborate benchmark for determining whether the level of safety is adequate. The safety
official is appointed and employed by the customer/owner (a state tunnel) or the competent authorities
(a local or municipal tunnel). He is expected to advise independently, but is appointed and paid by one
of the stakeholders and held accountable by one of the others. His negative advise can be in favor of
safety but will not please his employer. His positive advise for a tunnel that has safety issues will
potentially put his own position and that of the competent authorities at stake. The risk for the safety
official is largest when political forces and the actual quality of the delivered product do not coincide.
He will have to make a difficult decision.
Competent Authorities
Competent authorities mostly rely on the expertise of others that they ask for advice. They will decide
whether the tunnel will be opened. The (new) law states the grounds on which they can refuse to
grant permission to open the tunnel. These are mainly process related, so they have to make sure that
the supplied safety dossier is indeed adequate and in accordance with the actual tunnel object.
By actively involving them during the steps taken in the process, mutual trust can be greatly
improved. For competent authorities risk management is of high importance. When (the
implementation of ) the safety concept fails during an incident the competent authorities will be the
first to be held accountable for the flaws en the potential loss of lives.
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Contractors
The contractor is a commercial player and has an important primary interest which is offering a
product that meets demands and thereby making a good profit while not being held accountable for
possible problems with the realized product. The contractors largest risk is that the contract is multiinterpretable and he can in the end be held accountable for issues, or hat he is obliged to deliver a
much more costly solution than initially intended. Contractors often look at things from a different
perspective which lead to a different interpretation of the specification. The contractor can be helped
by providing insight into the idea behind the specification from the customers perspective. The
customer can be assisted in providing a specification that is clear and leaved only limited room for
interpretations but ample room for the contractor to deliver the best possible solution.
THE CAVEATS OF THE DUTCH SYSTEM
Often more than just a tunnel
In the often complex infrastructural challenges in urban areas, tunnels often form only a small part in
a much greater context. By following the tunnel law and limiting its extents to the tunnel, there is the
risk that effects just outside the tunnel are not adequately taken into consideration. The tunnel has to
be seen as an integral part of a much larger context with its own extended set of safety issues and
interactions (i.e. smoke form a tunnel fire on a bus platform). The law does not provide adequately in
this integral approach and this poses a great risk, if not safety wise, then financially and planning
related

Figure 1

Amsterdam IJsei: trains, metros, buses, boats and automobiles.

A changing reality.. is the safety concept still valid?
The current safety concept is strongly based on a situation where congestion in a tunnel is prevented
at all times, at least this is the aim in theory. Especially in tunnels in urban area’s this can be a
difficult, if not impossible precondition in the dense rush hour circulation. A core safety system like
ventilation is designed to always blow smoke and heat in the direction of the traffic, with the
precondition that traffic past the incident location will always be able to leave the tunnel timely. When
there is traffic standing still in the tunnel beyond the incident location, these people will be
confronted by life threatening circumstances. This is where the safety concept could fail especially
considering drivers are known to exhibit behaviour that counteracts the principles behind the safety
concept and see their car as the safest place to stay.
Room for alternatives?
The current implementation dictated by the law leaves only a few knobs to be turned and fine-tuned.
There is no room for a different approach to the safety concept unless one is willing to enter a tedious
and time consuming, if not impossible to solve process of providing evidence for validity of the
alternative. This obviously coincides with the goal of creating a standard for tunnels in the first place.
With some smart thinking there are however some openings that can offer a route for a cheaper
alternative with at least the same level of safety. This will be discussed in the next chapter.
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The role of the safety authority and the dismantling of the tunnel safety advisory board (CTV)
In the new setting after the recent law change, the tunnel safety advisory board (CTV) has been
dismantled. This important authority with a largely independent set of experienced consultants formed
an important backing for difficult conceptual safety related questions. In the new situation the tunnel
safety officer has to more or less fulfill this role himself. He is brought into a difficult position as he is
not necessarily an expert on tunnel safety, but relies on advice from engineering consultants, fire
safety consultants and traffic flow consultants. His safety related advice is not necessary in favor of
the one paying his salary. He will in the end provide the green light for the opening of the tunnel in
his advise towards the competent authorities. This possibly worrying situation can only be dealt with
when sound advice is given by a consultant who is aware of the interests of all stakeholders, an
integral approach
Theory vs. Practice
In many processes it can be witnessed that even though a great effort is put into getting everything
arranged on paper, the reality after that can be quite different. Unfortunately this is no different in the
tunneling business. When the dust settles around a tunneling project and cars are actually driving
through the new tunnel, we seem to forget about what we have meticulously put down on paper on
paper, especially when everything seems well in control. Will the process around incident handling
really take place as intended? There are examples where it does anything but that. Not only do
organized aid providers not always follow procedures, even more stunning is the fact that assumptions
about human behavior is are quite misaligned with those witnessed in reality. Will people swiftly find
their way to safe havens, or emergency exit? No! [3]. Their own car is still often falsely considered
the safest place to be. The risks of fire are often underestimated. Another example is that a tunnel is
always appointed a category that defines the categories of goods allowed to pass through. This is quite
significant for the outcome of the QRA analysis, but in reality enforcement of these restrictions is
very limited. Traffic measurements show a number of trespassers. On the bright side of things, one
also has to conclude that the number of large life threatening situations in tunnels is indeed very low.
The number of incidents with casualties in tunnels in the Netherlands is very low and limited to one
occasion (Velsertunnel 1978)
CONFORMITIES AND DEVIATIONS: EXCITING ALTERNATIVES
As written above, the law provides little room for alternatives for tunnel safety philosophy and
equipment. Only with the municipal tunnels that are not bound by the national tunnel standard, but
only by the law and its accompanying regulation there is a little more room for looking at alternatives
for the safety concept. Also the definition of an object being a tunnel by its length leaves some room
for variation. The law states that anything shorter than 250m is not officially considered being a
tunnel. This category of tunnels has to conform only to a more general building safety regulation
known as “Bouwbesluit”. Its last incarnation (2012) contains a number specific times related to tunnel
safety, especially related to escape facilities and self aiding. In the category between 250 and 500 m,
the need for a number of technical facilities depends on the outcome of a safety and risk analysis. Its
outcome depends on the intended usage of the tunnel, traffic load and composition (allowed
categories of dangerous good). Basically the aforementioned QRA method suffices for this purpose,
but in practice there is ample room for a lot of discussion. Especially once the broader scope
surrounding the tunnel is included in the picture the image gets more challenging. Therefore, a form
of creativity and a drive to think about the safety concept is not stopped by the standardization. There
should always be room for common sense. The Dutch tunneling situation does however often offer
some particular properties that may give room for some very interesting solutions for safety. This in
part has to do with the often limited depth of a tunnel below ground level. The law gives room for
substantiated equivalent safety when a construction does not fall easily within the boundaries of
regulations, or one is willingly planning to deviate from them. A strong equivalent safety case can be
substantiated by modern numerical simulation techniques. This is where computational fluid
dynamics (CFD) will aid in successfully convincing stakeholders of a viable alternative.
CFD in 2013 , an accepted method?
Evaluation of a CFD model, used in a program such as FDS, is a necessary step in establishing the
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acceptable uses for such a model. Only by evaluating a CFD model, can the limitations of the model
be exposed and respected. Throughout development, any program that uses CFD will need to undergo
an extensive evaluation process. Evaluation consists of both verification and validation. Verification
is performed by checking that the CFD equations are being solved correctly. Validation is performed
by determining whether the CFD equations are appropriate to describe the physical phenomenon that
is being simulated. In the case of FDS, besides verification, extensive validation has also been
performed on tunnel fires (described in the FDS validation guide). In many cases the results of the
model compare favorably with experimental results. In must be taken into account however, that
uncertainties in conducted (fire) experiments will always limit a CFD model in perfectly reproducing
the experimental results. Deviations within acceptable margins will always have to be taken into
account.
CFD in the alternative Leiden city tunneling solution
Like stated before the length of a passage under ground defines the legislative regime under which
this passage falls. What happens if we do not build a long (>500m ) tunnel, but instead build a series
of short (<<250m) covered road sections. By leaving enough space between these covered sections,
they can each be seen as independent short (<250m) tunnels. This solution was proposed for a city
corridor intended to improve traffic circulations and reduce local pollution and also provide an
alternative to a bridge crossing a canal.. It was possible because the tunnel is largely only covered by
a thin layer of soil and there was space available for 3 openings in the tunnel roof of each 25 m. In this
particular case it was convincingly proven that with a representative fire and smoke development and
load (100MW, partly based on [1, 4]) , the natural flow and stratification of hot gases was sufficient to
offer a safe route to a smoke exit in a covered part of the tunnel, and also sufficient to prevent smoke
and heat from entering subsequent sections, even with a substantial wind pressure load representative
for 5% of the most intense winds in the region. The sections could be seen as independent short
tunnels and this gave way to a very different level of technical facilities in the tunnels, whilst
maintaining a safety level at least a high. Mechanical ventilation normally provides a safe area behind
the incident, but quite the contrary past the incident, where it actually counteracts the benefits of
natural stratification. In the alternative this effect is not present and it can be witnessed that also past
the incident location conditions are equally as safe as on the other side. This can give resolve in the
difficult traffic congestion challenge in the general safety concept. Below is a depiction of the smoke
spreading through a segment in moments in time per image (time indicated left), forming a layer
above the heads of persons present, but leaving enough visibility available for them to reach an
emergency exit. It expresses the length of sight (color bar) in meters in a length section of the tunnel.
The bulge shows the location where the tunnel crosses a waterway. A small amount of smoke entering
the adjacent section is not enough to inhibit safely escaping and shortly afterwards the smoke is
extracted again due to the chimney effect. Radiation and temperature play an insignificant role (not
shown here).
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Figure 2

Visual impact of smoke in sectioned tunnel without ventilation.

The full outcome of the analysis is described in the report supporting this safety approach [2]
A number of preconditions must be observed when taking this approach:
•
•
•
•

The location near the openings must be suitable for some outlets.
A solution had to be found to prevent the development of dry and wet spots as a result of rain.
A solution had to be found to counteract strong variations of light
The impact of air pollution due to traffic, near the opening had to be investigated.

By presenting the outcome of this CFD analysis in a way the fire fighting services and other stake
holders can understand it, and proactively provide answers for questions that might arise, the
stakeholder could be convinced confidently of the viability of this solution.
GETTING THE TUNNEL OPENED IN TIME
The core question in current and future tunnelling projects is often how to get the safe tunnel opened
in time. While recent experiences have exposed major difficulties in agreeing on the level of facilities
installed and getting these system to work together smoothly as intended, the new law and
accompanying standard should offer some resolve. Unfortunately not all issues are tackled with this
radical approach. There is still a lot of room for discussion especially when it comes to proving the
chosen solution will actually work integrally as intended and those situations left open like tunnels of
length between 250 m and 500 m and municipal or provincial tunnels.
How to ensure success
Being able to identify the showstoppers in the process leading to that goal is the key in a smooth
tunnel project. Helping the aid providers, the competent authorities and the safety official by
providing knowledge in the language of the receiver for making the right decisions het exposed tself
as being the key in this process. The means here is offering clear and transparent information in a way
the stakeholders understand it from their own perspective. An important characteristic of the Dutch
situation, as mentioned before, is the fact that centrally financed tunnel projects need support by local
fire services. A route to success is to offer the fire service a plan, based on experience in other
projects, to say ‘yes’ to. This demands sensitivity for the delicate border line between this form of
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proactively and authoritarian behaviour; in the Netherlands the latter is not tolerated. Based on vast
experience, heavy-weight consultants are able to cope with this.
Providing information proactively and comprehensibly
The only way to be able to offer the required information in a fitting way, is by knowledge of as well
the process, the procedures in all phases and the available technical solutions. A company like
Movares has the fortunate position of having experience with all these aspects, ranging from a team of
consultants for legislation, technical implementation, engineering documentation, systems
engineering, and when there is the need for an equivalent but different safety solution, a team of CFD
specialists to offer the obligatory scientific foundation.. This makes these companies quite unique in
the playing field, where we can operate successfully on the client side, the competent authorities side
as well as the contractor’s side.
CONCLUSIONS
The key to success in complex Dutch tunneling projects is to operate in a proactive and transparent
way. To set out the process and expectations clearly to all stakeholders right at the start of the project
and keep them all closely attached to the process. This will prevent surprises and prepare timely for
what is coming. A lot of discussion arises from the deadly combination of risk awareness on one side
and uncertainties and insufficient information on the other side. The only way to be able to deal with
this is to have knowledge of all facets of the route from plan to realization on the one hand, but also
have excellent insight into the interests of numerous stakeholders i.e. speak their language. A keen
sense for issues further away and looking broader than just the tunnel will reveal potential safety
issues beyond the domain of the tunnel itself before they are about to form into show stopping
problems. An integral approach emerges and the tunnel is not seen as an object itself but as a part of a
complex infrastructural crossroads. A full scope consultancy and engineering firm will provide this
important lubrication to the process and will additionally open the way for exploring new idea’s with
a sound scientific basis like the aid of tools such as CFD. This unique combination of competences
clearly legitimizes the role of the engineering and consultancy firm. Being able to convey this
message and mastering the full scope is the decisive factor in the process.
Another important step to take is to analyze whether financial motivations and safety motivations are
not somehow intertwined or opposed to each other. This should al all cost be reduced as much as
possible. Now that an independent advisory board is no longer available there is not an obvious choice
for such a role, but reality shows the tendency that the safety office will to large extent need to fill in
this role. This could however turn out not be the logical and optimal choice.
The foundation of the approach is obviously building a level of mutual trust and this is here it comes
down to the combination of people skills and ample knowledge on the subject.
Bottom line is that despite the efforts to simplify the process by changing the law and prescribing a
standard, new challenges have been created. Only awareness of, and smartly dealing with these
challenges will lead to a smooth process. An engineering and consultancy team like Movares that has
knowledge of and experience in the full scope except for the building itself, is a key factor to achieve
this.
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ABSTRACT
Tunnelling combines theoretical and practical issues into a separate branch of construction
knowledge. The issue of maintaining tunnels stability comes down to the problem of preservation of
their size and shape throughout the life cycle, which will ensure the full functionality from point of
view, for example, transport. The problem of the tunnel excessive closure is of great importance so a
deformation solution is absolutely required here. Herein, a suggested approach for stability
assessment, in the first step, is based on the sensitivity analysis complemented with FEM. In the
second step of analysis, a simulation technique allowing to determine the probability of deep transport
excavations failure is used. The suggested probabilistic approach is presented based on the example of
an excavation typical for KGHM Polish copper mines. The most important conclusion is that
according obtained results the underground excavations will remain stable concerning typical
underground transport machines and specific geological and mining conditions in Polish copper
mines.
KEYWORD: tunnel stability, tunnel deformation, response surface methodology, probabilistic
approach
INTRODUCTION
Rock mass stability is influenced by many factors and parameters. There are several numerical
methods for stability analysis of a rock mass. It has been generally conducted based on deterministic
models that assume that all considered parameters are known with average values. However, the more
rational approach seems to be sensitivity analysis since it enables to take into consideration the
uncertainty of input parameters to examine the effect of their variability on critical response of a
complex structure. The most comprehensive sensitive measure is provided by response-surface
analysis using regression techniques. In the other hand, a stochastic modelling based on a simulation
technique allowing to determine the probability of excavations stability can be performed.
Many researchers have conducted sensitivity analysis on various types of parameters considered as
related to the stability of underground structures, using numerical methods. Abdollahipour and
Rahmannejad [1] studied sensitivity of sidewall deformation in a single cavern in various rock mass
qualities (RMR) to the chosen parameters, including deformation module E, Poisson’s ratio ν,
parameters of Hoek-Brown criterion mb, s, uniaxial compressive strength σc, and coefficient of lateral
stress K, using finite element computer code, Phase2. According to described results, the most
important parameters in considered conditions are coefficient of lateral stress and modulus of
deformation. Although their sensitivities are different depending on the considered state: elastic or
plastic. Yiouta-Mitra et al. [8] chose the real case tunnel constructed on the depth of 7-55 m in clayey
marls of medium to high plasticity to investigate the sensitivity of internal forces and displacements to
the parameters, including stress regime, depth variation, Rock Mass Quality, determined by
deformability and stress parameters variations using a series of novel diagrams. The most important
conclusion from this specific case is that the angle of internal friction is the most influential parameter
of all considered. Kwon et al. [3] conducted two-steps sensitivity analysis for the stability assessment
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of nuclear waste repository at the depth of 500 m in crystalline granite. In the first step, the selection
of important parameters out of following: stress ratio, depth, tunnel size, joint spacing, and joint
properties, was done based on mechanical analyses with a single parameter variation using 3D finite
difference code, FLAC3D. According to the results, only the most important primary input parameters
were chosen to study each parameter as well as their interactions effect on specific responses
represented by displacements, stress and the failure pattern.
The most all-embracing sensitivity analysis is provided by using the response surface method.
Zangeneh et al. [9] used the Factorial Design Method and regression analysis to study the relationship
between the response represented by slope displacement at the end of the earthquake and a group of
variables including, for the simpler considered case, slope angle, friction angle and the earthquake
type, and derive the suitable response surface model for influencing factors.
The probabilistic analysis by Monte Carlo simulation method is commonly used in many rock
mechanics applications. Hoek and Marinos [2] carried out the Monte Carlo analysis to obtain the
relationship between rock mass strength σcm and in situ stress po, and the percentage “strain”
represented by 100 x the ratio of tunnel closure to tunnel diameter, in regard to the squeezing
problem. Zangeneh et al. [9] used the Monte Carlo simulation integrated with response surface
method to show its drawbacks comparing to the use of Monte Carlo simulation of actual model
(Newmark analysis procedure) concerning the required time of analysis. The most important
conclusion from this example is that displacement results from uncertainty analysis obtained using
Monte Carlo simulation of actual and regression model are almost the same. However, the analysis
time is significantly different. Otherwise, cumulative distribution function derived from Monte Carlo
simulation is of particular importance concerning the risk assessment purposes.
This paper presents an approach for stability analysis of underground excavations based on the
response surface method integrated with Monte Carlo simulation, as an effective tool to determine the
probability of failure in the risk assessment process.
COMPUTATIONAL MODEL
Stability of underground infinitely long excavation (tunnel) has been modeled and analyzed using
FEM code, Phase2. In this study, the geological and mining conditions of Polish copper mines are
considered. There are three different types of copper-bearing rocks in this area: sandstones, shale and
dolomites. Since the surrounding rock mass is considered as homogeneous, the upper and lower
bound values of adopted parameters are defined as the maximum and minimum values of properties
determined for all three types of rocks. The computation of minimum, mean and maximum values of
rock properties were conducted using the catalogue of physical and mechanical properties of copper
ore deposit and surrounding rocks worked in three divisions of KGHM Polska Miedź S.A. mines [4].
Table 1

Factors used for the sensitivity analysis with single parameter variation.

Parameter
Stress ratio σh/σv
Excavation depth
Excavation width
Excavation height
Elastic modulus
Poisson’ ratio
Tensile strength
Friction angle
Cohesion
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Symbol
K
Z
W
H
Es
υ
σt
φ
c

Unit
m
m
m
GPa
MPa
°
MPa

Min.
0.5
800
5
3
5.9
0.10
11
19
12

Mean
1
1000
6
3.5
36.1
0.21
79.8
28.2
39.3

Max.
2
1200
7
4
102.7
0.33
224
40
76
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The underground excavations are located at depths of 800-1200 m below the surface. The shape of
cross-section excavations is settled as inverted trapezoid with the maximum width of 5-7 m and
average height of 3.5 m [5]. The stability of the underground structure complex is reflected by the
deformational criterion. The parameters used for the first step of sensitivity analysis are listed in
Table1.
IMPORTANT PARAMETERS
In the preliminary analysis, the sensitivity analysis is used to select important factors. At every
subsequent step of analysis only one of considered parameters is changed from minimum to
maximum, while other parameters are held fixed at their mean values. For selection the most
important parameters, the maximal observed total displacements in the roof, sidewalls and floor of
excavation were compared (Table 2).
Table 2

The influence of input parameters variation on the excavation displacements.

Parameters
Stress ratio
K=σh/σv [-]
Excavation depth
Z [m]
Excavation width
W [m]
Excavation height
H [m]
Elastic modulus
Es [GPa]
Poisson’ ratio
ν [-]
Tensile strength
σt [MPa]
Friction angle
φ [°]
Cohesion
c [MPa]

Location of maximal displacement
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor
Roof
Sidewall
Floor

Displacement [mm]
For min For max
3.7
3.2
1.5
4.9
3.4
2.8
2.8
4.2
1.8
2.7
2.5
3.8
3
4
2.3
2.2
2.6
3.7
3.5
3.5
1.9
2.6
3.2
3.1
21.4
1.2
13.7
0.8
19.4
1.1
3.5
3.3
2.1
2.3
3.1
3.1
3.5
3.5
2.2
2.2
3.2
3.2
3.5
3.5
2.2
2.2
3.2
3.2
3.5
3.5
2.2
2.2
3.2
3.2

Variation
mm
%
-0.5
(-) 13.5
3.4
(+) 226.7
-0.6
(-) 17.6
1.4
(+) 50.0
0.9
(+) 50.0
1.3
(+) 52.0
1
(+) 33.3
-0.1
(-) 4.3
1.1
(+) 42.3
0
0
0.7
(+) 36.8
-0.1
(-) 3.1
-20.2 (-) 94.4
-12.9 (-) 94.2
-18.3 (-) 94.3
-0.2
(-) 5.7
0.2
(+) 9.5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

The most important conclusion from obtained results is that with an increase in elastic modulus from
5.9 GPa to 102.7 GPa, the displacement decreases about 94% at each location (Figure 1). The
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influence of elastic modulus is from 0.13 mm/GPa in the sidewalls to 0.21 mm/GPa in the roof of the
excavation. The second most important parameter is the excavation depth with influence from 0.23
mm/100 m in the sidewall to 0.35 mm/100 m in the roof. The excavation depth increases from 800 m
to 1200 m the displacement increases about 50% at each of three locations equally. The increase of
excavation width causes about 33% and 43% increase of displacement in the roof and floor,
respectively, but at the same time causes about 4% decrease of displacement in the sidewalls. On the
other hand, the increase of the excavation height causes about 37% increase of displacement in the
sidewalls, but about 3% decrease of displacement in the floor. At the same time, the influence of the
excavation height on the displacement in the roof is not observed. In the case of stress ratio K, the
variation from 0.5 to 2 was considered. When K is 0.5, the vertical stress is twice horizontal stress. On
the other hand, the stress ratio of 2 means that horizontal stress is twice of vertical stress. It explains
over double increase of displacement in the sidewalls as well as 13.5% and 17.6% decrease in the roof
and floor, respectively, after increasing K from 0.5 to 2 (Figure 1). The influence on displacement of
tensile strength, friction angle and cohesion could not be observed. On the other hand, with a decrease
of cohesion from 76 to 12 MPa, the excavation closure has developed and excavation area decreased
about 1%. However, the test was performed when the decrease of cohesion to zero caused the increase
in displacements, especially in the roof. With respect to the test result, the cohesion was reduced by
more than one-third for further sensitivity analysis. According to the literature [8], [3], [9] the
influence of shear strength parameters will be examined in the second part of sensitivity analysis.
Since the friction angle and cohesion parameters are widely accepted to be dependent [8], their
variation as a pair will be included, as well.

Figure 1

Influence of elastic modulus and stress ratio on displacements at three different
locations.

SIGNIFICANT PARAMETERS
From the first step of sensitivity analysis only six parameters were chosen for further analyses and
listed in Table 3. In the further analysis the full factorial design is carried out and effect of each
parameter as well as their interactions is analysed using the generalized linear model (GLM) with type
I (sequential) of sums of squares. There are 6 parameters with 2 levels each, so required number of
runs is 26 = 64.
Table 3

Input parameters for the second step of sensitivity analysis.

Parameter
Stress ratio σh/σv
Excavation depth
Excavation width
Elastic modulus
Friction angle
Cohesion
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Symbol
K
Z
W
Es
φ
c

Unit
m
m
GPa
°
MPa

Notation
A
B
C
D
E
F

Min.
0.5
800
5
5.9
19
3

Max.
2
1200
7
102.7
40
22.5
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The highest percentage of variations of displacements as well as closure is explained by elastic
modulus (D). Other important effects on four dependent variables together (more than 30% explained
variation) are observed for the depth (B), cohesion (F), depth-elastic modulus interaction (BD) and
elastic modulus-cohesion interaction (DF). In this respect, it is worthwhile to note that assumption
about reduced cohesion made significant the effect of this parameter on total displacements as well as
areal closure. The other point that’s worth noticing is the significant influence (about 50% of
explained variation) of the stress ratio (A) and stress ratio-elastic modulus interaction (AD) on the
sidewall deformation when the percentage of explained variation of other displacements and closure is
lower than 15% and 30%, respectively (Figure 2).

Figure 2

Percentage of explained variation of dependent variables (maximal total displacements
and excavation closure) by given effect (parameters listed in Table 3 and their
interactions).

From the second stage of sensitivity analysis, only statistically significant at the 0.05 level effects of
each parameter and their interactions on the displacements at three different locations and areal
closure together are chosen to the further regression analysis. The Effects A, B, D, E, F, AD, AF, BD,
DF are identified to be the most significant.
REGRESSION MODEL
The forward stepwise regression analysis results show that the explanatory variables are correlated
with response variable (closure) with varying degrees. The relationship between most parameters as
well as their interactions and the closure is positive (Eq. 1). That means that the closure increases with
an increase of cohesion, friction angle as well as following interactions: K-Es, Z-Es and K-c, but with a
decrease of stress ratio, depth of excavation and Es-c interaction. The results can be misunderstood.
We should be aware that the closure is expressed by negative values so its increase means lesser
change of original tunnel area. The strongest correlations with the closure, based on the correlation
coefficients, were found for depth-elastic modulus interaction and stress ratio, -0.86 and 0.70,
respectively.The assessed model allows to explain more than 88% of original response variable
variation. However, t-statistics shows that regression coefficient for elastic modulus isn’t statistically
significant at the 0.05 level. The average difference between observed values of closure and
theoretical ones is 0.09288. The F-statistics and corresponded p-Value confirm the significant linear
relationship. Based on the results obtained only for parameters and their interactions selected for the
second step of sensitivity analysis, the following regression model is developed in terms of actual
values of the significant factors:
𝐶𝑙𝑜𝑠𝑢𝑟𝑒 = 0.056158 + 0.0096𝑐 − 0.256𝐾 − 0.000148𝐸𝑠 ∗ 𝑐 + 0.001746𝐾 ∗ 𝐸𝑠 − 0.000507𝑍 +
0.000005𝑍 ∗ 𝐸𝑠 + 0.003711𝜑 + 0.00522𝐾 ∗ 𝑐.
(1)
447

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

The normality plot of residuals confirms that residuals are approximately normally distributed (Figure
3). To supplement the graphical assessment of normality, the Shapiro-Wilk normality test was
performed. Since the test is not significant at the 0.05 level (p=0.45717) (Figure 3), there is no
sufficient evidence to reject the null hypothesis that residuals distribution is normal.

Figure 3

Testing of assumption of residuals normality for the closure model.

In addition, the plot in the Figure 4 shows relatively good agreement between observed and predicted
values of the closure. Based on that, one can say that obtained model is correct and can be used for
further analyses.

Figure 4

The plot of predicted versus observed values of the closure.

In addition to the model determining the relationship between the aerial closure and certain
independent variables, the existence of statistically significant relationships between displacements at
three different points on the excavation contour and the same set of explanatory variables as in the
model of excavation closure were tested.
Based on the backward stepwise regression results (Table 4), we found that the estimated models
allow to explain about 99% and 97% of the variation of the original dependent variable (ln of roof as
well as floor displacements, and ln of sidewall displacement, respectively). The average differences
between the observed values of the response variables and the theoretical values are 0.1319, 0.2921
and 0.1502 (for ln of roof, sidewall and floor displacements, respectively). The values of F-statistic
and the corresponding test probability level p confirm statistically significant linear relationship for all
three models. The values of t-statistics indicate that the intercepts and the regression coefficients are
also significantly different from zero. To assess the normality of residuals, normality plots were
created. In each case, based on the location of points on the plot in relation to the fitted straight line,
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one can conclude that the distributions of residuals do not differ from a normal distribution. In order
to confirm these observations Shapiro-Wilk tests were performed. The test results confirmed that
there is no reason to reject the hypothesis of normally distributed residuals. To assess the
homogeneity of residual variance (homoscedasticity), graphs showing the relationship between
residuals (on the vertical axis) and predicted values of the dependent variables (on the horizontal axis)
were created (one of the example in the Figure 5). Evaluating the location of points on graphs in
relation to the line of zero variance one can be concluded that the variance of the residuals is
approximately uniform for each of three considered models:
(2)
(3)
(4)

ln(𝑅𝑜𝑜𝑓 𝐷𝑖𝑠𝑝𝑙. ) = −4.496 + 0.5646𝐾 + 0.0011𝑍 − 0.0296𝐸𝑠 − 0.0097𝜑 − 0.027𝐾 ∗ 𝑐,
ln(𝑊𝑎𝑙𝑙 𝐷𝑖𝑠𝑝𝑙. ) = −5.3258 + 0.6527𝐾 + 0.0013𝐻 − 0.0292𝐸𝑠 − 0.0333𝑐,
ln(𝐹𝑙𝑜𝑜𝑟 𝐷𝑖𝑠𝑝𝑙. ) = −4.4285 + 0.5619𝐾 + 0.0011𝑍 − 0.0299𝐸𝑠 − 0.0127𝜑 − 0.0262𝐾 ∗ 𝑐.
Table 4

Model
ln(Roof
Displ.)
ln(Wall
Displ.)
ln(Floor
Displ.)

Figure 5

Statistics of the regression analysis of displacements.

Adj.R

F

p

Standard
Error of
Estimate

99%

840.4597

<0.05

0.1319

97%

225.548

<0.05

0.2921

99%

660.4533

<0.05

0.1502

2

ShapiroWilk
Statistics
W
0.95147
p>0.05
0.95030
p>0.05
0.98032
p>0.05

Residuals
Normality

Homoscedasticity
of Residuals

YES

YES

YES

YES

YES

YES

The plot of predicted versus residuals.

MONTE CARLO SIMULATION
Monte-Carlo (MC) approach is used to perform a probabilistic analysis in which all uncertain input
parameters are varied simultaneously by generating of multiple trials to obtain an approximation of
the solution [6]. There are some commercial packages for running of Monte-Carlo simulation.
However, a basic spreadsheet also can be used to perform MC sampling.
The first step of probabilistic analysis using MC approach is to generate random values in the specific
range (min;max) for each of independent variables included in the obtained RSM models of the
closure and displacements. The basic formula in the spreadsheet generates simultaneously random
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values between minimum and maximum values of each parameter. In the second step the closure and
displacements are calculated for each set of random values of parameters using determined RSM
3𝜎
models. Based on that, one can define the total error given by: = 𝑁 , where σ is the standard
√
deviation of the dependent variables and N is the number of trials. For 30000 closure iterations the
total error is of about 0.003 (absolute error less than 2%). The absolute error of about 0.3% is obtained
for 30000 iterations in displacement analyses.

Figure 6

Cumulative and probability distribution function for the excavation closure.

Since according to the definition of the closure, which is the negative value, in this example one
should reject the “positive” side of the function. Based on that, one can be found that the determined
closure model returns also the ‘false’ results of closure (positive ones) which can’t be considered in
the final summary because “the safest” scenario is when the zero closure (but not positive) is
obtained. Besides, the smaller value of the closure is obtained the worse scenario is considered. From
the Figure 6, one can read that 90% of the projections generally indicate an occurrence of a closure
(greater than zero). Similarly, 10% of projections indicate a closure of greater than about -0.45 m2.
The projected closure in the middle of the range (as likely as not) is of about -0.2 m2. Additionally,
one can be identified the likely range of the projections as to be between -0.45 and 0 m2. Based on the
plot (Figure 6), one can find out that considered excavation is safe because the closure will not be
greater than about -0.8 m2.
Table 5

Projections of displacements.
Projections (CDF)
90%

50%

10%

ln(Roof displacement) (m)
-3.75

-4.88

-6.13

ln(Sidewall displacement) (m)
-3.80

-5.10

-6.30

ln(Floor displacement) (m)
-3.77

450

-5.00

-6.13
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From the Table 5, one can read that 90% of the projections indicate an occurrence of displacements of
less than about 23 mm. Similarly, 10% of projections indicate displacements of less than about 2 mm.
The projected displacements in the middle of the range (as likely as not) is of about 7 mm.
Additionally, one can be identified the likely range of the projections as to be between 2 and 23 mm.
There are almost no differences between distribution functions of roof, sidewall and floor
displacements.
Based on the basic statistics (Table 6), one can find out that there is no chance to occur the
displacements greater than about 72, 60 and 70 mm, respectively in the roof, sidewall and floor of the
excavation. The median is very close to the mean (difference about 0.1%) which means that the
assumption about ln of displacements as normally distributed variables is correct. In each case, the
negative kurtoses indicate that the distributions are somewhat flatter than a normal distribution but the
skewness is always nearly zero.
Table 6

Statistics of the MC sampling of RSM displacement models.

RSM Models
ln(Roof Displacement)
ln(Sidewall Displacement)
ln(Floor Displacement)

MIN
-6.940
-7.310
-7.007

MAX
-2.628
-2.801
-2.666

MEAN
-4.914
-5.058
-4.975

MEDIAN
-4.910
-5.053
-4.971

STD. DEV.
0.883
0.912
0.891

FUNCTIONALITY CRITERION
Considering the underground excavations intended for the transportation, one can determine the
acceptable closure in terms of the maintenance of excavation functionality (stability). One of the
technological operations in mining of the copper ore and delivery process is transport of ore by
haulers or loaders. To maintain the continued transportation process, one need to assure passable all
transport excavations.
Table 7

The dimensions of specific haulers with internal combustion engines and equivalent
levels of acceptance for the closure and displacements [7].
Hauler Dimensions
Height

Width

Minimal
Required
Area

DFM ZANAM
LEGMET CB4PLC, CB4PCK

m

m

m2

2.320

3.350

7.77

DFM ZANAM
LEGMET
WKPL-24

2.300

3.400

7.82

TAMROCK
TORO 35D

2.500

3.000

7.50

TAMROCK
TORO 50D

2.750

3.480

9.57

Hauler Type

Original
Area of
Excavation

Acceptable
Closure

m2
18.9

Acceptable
Displacements
Vertical
Displ.

Hor.
Displ.

m2

mm

mm

-11.13

1180

2650

-11.08

1200

2600

-11.40

1000

3000

-9.33

750

2520

H=3500mm
W=6000mm
(max)

The dimensions of specific haulers with internal combustion engines, which can be used in the
KGHM copper mines in the excavations of dimensions considered in the analysis, were analysed to
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find the acceptable closure and displacements. Based on the results obtained for four different types of
haulers (Table 7), one can be found that the average acceptable closure is -10.73 m2. The maximal
observed closure cannot be greater than -9.33 m2. The acceptable simultaneous roof and floor
displacements are of 750 mm and sidewalls displacements – 2520 mm. It means that typical
underground transport excavations in the KGHM copper mines will remain stable concerning the
identified geological and mining conditions as well as technological parameters of used haulers.
CONCLUSIONS
The specific probabilistic approach for explaining a complex relationship between input geological
and geometrical parameters and underground structure closure and displacements has been used. The
influencing factors were chosen using two-steps sensitivity analysis complemented with FEM. The
next step of analysis was based on the response surface method. The developed four regression
models represent the quantitative relation between significant parameters and their interactions, and
the closure as well as displacements of underground excavation contour. The probability of
excavation stability has been analysed based on the results from Monte-Carlo simulation of the RSM
closure and displacements models. Finally, the stability criterion was applied in terms of excavation
functionality maintenance, based on the acceptable closure and displacements obtained from analysis
of dimensions of machinery typically used in the KGHM copper mines. The most important
conclusion is that according obtained results the underground excavations will remain functional and
stable concerning typical underground transport machines and under considered specific geological
and mining conditions in Polish copper mines.
REFERENCES
1.
2.
3.
4.

5.
6.
7.

8.
9.

452

Abdollahipour, A., Rahmannejad, R. H., “Sensitivity Analysis of Influencing Parameters in
Cavern Stability”, International Journal of Mining Science and Technology, 22, 707-710,
2012.
Hoek, E., Marinos, P., “Predicting Tunnel Squeezing Problems in Weak Heterogeneous Rock
Masses” [online]. [Accessed 3rd July 2013]. Available from World Wide Web:
<http://www.rockscience.com/hoek/references/H2000d.pdf>.
Kwon, S., Park, J. H., Choi, J. W., Kang, C.H., “Three-Dimensional Modelling and
Sensitivity Analysis for the Stability Assessment of Deep Underground Repository”, Journal
of the Korean Nuclear Society, 33, 605-618, 2001.
Fabich, S., Kijewski, P., Kokot, B., Lis, J., Szadkowski, T., Maćków, B., Struzik, H.,
“Developing and Publishing a New Edition of Catalogues of Physical and Mechanical
Characteristics of Copper-Bearing and Surrounding Rocks in Areas of LGOM Mines”, Centre
of Research and Design of Copper CUPRUM, Wrocław, Poland, 1996 [in Polish].
Pytel, W., Geomechanical Problems of Selection of Rock Bolts Support System for Mining
Excavations, KGHM Cuprum Research and Development Centre, 2012 [in Polish].
Sari, M., “Stochastic Estimation of the Hoek-Brown Strength Parameters Using Spreadsheet
Models”, Proceedings of the 2012 ISRM International Symposium – EUROCK 2012,
Stockholm, Sweden, 28-30 May, 2012.
Scenarios of Technological Development of Mining of Copper and Accompanying Minerals.
Technical Specification Sheet: Hauling – Internal Combustion Haulers [online]. [Accessed
19th November 2013]. Available from World Wide Web:
<http://foresight.cuprum.wroc.pl/genetateTechnologies.php?id=79> [in Polish].
Yiouta-Mitra, P., Nomikos, P.P., Mertiri, E., Sofianos, A.I., “Tunnel Design and Sensitivity
Analysis”, Geotechnical and Geological Engineering, 13, 647-665, 2013.
Zangeneh, N., Azizian, A., Lye, L., Popescu, R., “Application of Response Surface
Methodology in Numerical Geotechnical Analysis”, Proceedings of the 55th Canadian Society
for Geotechnical Conference, 321-329, Hamilton, Ontario, Canada, 2002.

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Quantitative risk and criticality assessment for tunnels
under explosive and fire threat scenarios
Götz Vollmann, Markus Thewes, Sissis Kamarianakis
Ruhr-University Bochum, Institute for Tunnelling and Construction Management
Bochum, Germany
ABSTRACT
Tunnels are key elements in modern traffic networks often crossing rivers and city regions with a high
traffic density and with important, highly frequented buildings and infrastructures in close distance.
Against this background economical and societal consequences of large-scale accidents and malicious
threats such as fires, explosions, etc. are potentially very high. This is why the German Federal
ministry for Education and Research launched two huge research projects (SKRIBT and SKRIBTPlus)
with the purpose of tackling all issues for infrastructural tunnels resulting from accidents as well as
man-made hazards. First results of these projects were already presented at the last ISTSS in New
York. [4][10].
Since a comparatively small initial damage to the structure might lead to a disproportionate effect for
the tunnel itself, the whole urban infrastructure system or structures which are founded above or
beneath the tunnel a more precise and holistic approach has to be taken for the overall assessment.
That said it is necessary to assess not only the possible structural risks in terms of vulnerability of
specific components to malicious threats but to get an idea of how the structure may react to and
interact with its surrounding infrastructural network and/or the user. Due to smaller budgets and
higher risks of an attack it becomes even more necessary for operating authorities to include these
assessment in a broader approach for the determination of possible mititgation measures and an
optimized risk management. Therefore, so called criticality assessments are needed.
In the course of the ISTSS 2014 it will be shown how the SKRIBTPlus research partners determined
bedding reactions for typical soils in combination with tunnel constructions on a scaled and on a full
scale basis [7]. In this paper the authors now show how the evaluation model [10] has further been
developed to the next level by implementing a newly developed quantitative assessment approach for
structural risks under fire and explosive loads. In the following, the authors will sketch how results for
a specific structure can then be transferred into a holistic assessment methodology, which combines
the structural assessment with aspects of user safety and network criticality, leading up to a criticality
assessment of the structure as a whole.
INTRODUCTION
General remarks
Throughout the last few years the evaluation and the assessment of tunnel safety and security has
increasingly become more and more a defining and determining process regarding the planning and
designing of infrastructural tunnels. This not only relates to the safety regulations drawn up by the
carrier system, since additional implications, such as the reaction of the surrounding network to a
partial loss of the structure, may have an even larger influence on any decision which is based on the
assessment process.
An increasing number of issues with regard to the operation of the tunnel and the accompanying lifecycle costs crop up, rounded off by considerations relating to structural safety and security as well as
the network availability itself. This becomes even more complicated by the fact that every tunnel is
unique so that consequently findings obtained from previous projects can only be applied to a limited
extent to the next structure, even if they are both located on the same traffic route. Within [10], [11]
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and [12], the authors have shown the complexity, which results from the heterogeneous boundary
conditions of theses assessments, and how this complexity can be dealt with in terms of a holistic
consideration within the assessment process. Figure 1 shows exemplarily the corresponding criteria of
these assessments.

Figure 1: Assessment criteria for tunnel safety and security
How security, safety and criticality correlate
The definitions for safety and security within the scope of underground infrastructure are well known
and have to be considered as common knowledge, at least within the peer group of the corresponding
experts. Sometimes, discussion arises if safety and security can be considered as more or less the
same discipline or if one has to consider a significant difference between or to take different
approaches for each topic. During the ISTSS 2012 in New York, Bill Arrington, General Manager of
the “Highway and Motor Carrier Security Division” of the Department of Homeland Security (DHS)
stated in his keynote lecture, that the DHS makes no difference between safety and security since
security matters will always lead up to safety problems. An example: A threat to an infrastructural
tunnel, that happens to be a terroristic attack in the first place, might – or more precisely – will
afterwards lead up to safety problems for the tunnel users that are not directly harmed by the attack
itself, since they are indirectly in danger due to the results of the attack (fire, smoke etc.). That said it
could be concluded that for an overall assessment of an infrastructural building the same criteria for
safety and security are mandatory for the assessment process.
While criticality and its basic terminology initially has its origins in the safety engineering of nuclear
power plants, it can be adopted for traffic infrastructure as far as being the degree of relevance of the
assessed structure for the specific network, its availability and functionality. With that in mind and as
shown in [10] it becomes obvious that the same criteria that have to be applied for safety or security
assessments are also relevant for criticality assessments.
Actual Problems with criticality assessments
While the assessment criteria of all three aspects correlate and therefore the assessment approaches
have to be considered quite similar (as shown above), criticality still is a criterion that lacks a
quantifiable definition, since up to now a global scale is missing to define the degree of a certain
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criticality an infrastructural building provides. In addition, with the assessment procedure in mind,
this is even true without taking any kind of fuzziness into account. The discussion about how much
risk a society is willing to take and therefore what kind of criticality level is needed to mandate further
actions, e.g. in terms of additional measures for a building or an infrastructural node, is a rather vivid
one that currently can be traced at least throughout all democratic countries.
Additionally, with criticality being some kind of a combined amplitude of different quantities and
units, one has to come up with an assessment model that provides the highest transparency possible
and simultaneously enables its user to keep full control of the assessment process. Table 1 shows the
updated list of criteria and corresponding indicators [10], which are elementary for such an
assessment. In addition, the tables displays the disparity of the accompanying units.
Table 1

Criterions, indicators and their units for a holistic criticality assessment

Criterion

STRUCTURE

USER

LCC
NETWORK
MISCELLANEOUS

Indicators

- Probabilities of a certain damagestates
- Extent of damages
- Costs for rehabilitation
- Duration of rehabilitation
- Probabilities
- Fatalities
- Estimated risk values

Unit
[-]
[-]
[-]
[€]
[d]
[-]
[-]
[f/n]

- Initial invest
- Follow-up costs

[€]
[€]

- Travelling time elongations

[d]

- Symbolic meaning
- Others

[-]
[-]

Within in the following the authors will focus on the structural assessment and the formulation of the
criticality model. The quantitative risk assessment for user safety has to be considered not as common
sense but as a field of expertise where many experts have developed sophisticated approaches and
methods in the past. Going further from there the authors recommend the consultation of
accompanying publications, such as [3] and [13] (user safety). The other criteria and the estimations
of their indicators is a rather new field of expertise about tunnels in special and underground
infrastructure in general. Here, the authors refer to [9] (LCC) as well as [14] (network reaction).
Miscellaneous aspects have already been dealt with in [10].
QUANTITATIVE RISK ASSESSMENT (QRA) FOR INFRASTRUCTURE BUILDINGS
General remarks and boundary conditions of structural QRAs
With risk being the product of probability of occurrence of a certain event times the severity of the
expected damage or an overall outcome, the assessment of a structural risk has to take care of two
different input variables that are only slightly combined with each other.
On one hand, and in terms of safety and security purposes, the damage propagation within the
structure and the probability of a specific structural behavior during an event has to be determined for
fire impacts or explosive threats. In combination with the overall event probability, a factor for the
specific probability of a subevent can be derived. This approach represents the equivalent to the
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overall QRA approach that is already applied for the determination of user risks in tunnels. For safety
assessments, the ascertainment of a specific event probability is rather common. For most of the
thinkable events, there are statistics available that will help the evaluating engineer to determine the
corresponding factors. For security assessments, this becomes by far more difficult. Luckily we still
do not have statistically significant populations about the occurrence of terroristic threats. Therefore it
is feasible to operate with a probability of 1,0 which equals a certainty of 100% that such a scenario
occurs, at least as long as the assessment are carried out for comparisons under identical boundary
conditions. Such an approach is necessary in case those preventive measures should be applied and
their effect should be estimated and assessed.
On the other hand, one needs to get an idea of how severe a specific impact will be for a specific
structural element. Especially when discussing durations of repair and thereby correlating costs the
information that can be gained from traditional engineering approaches are limited. Classical
structural integrity assessment typically delivers a binary indication of the structural steady state. As it
was show in [8] and [10], a scale with five different conditions for the determination of the structural
damage was already implemented within the SKRIBT and SKRIBTPlus project and can be combined
with structural assessments. Such a damage-scale can deliver indicative values about how severe an
impact to the structure might be. Such a value also helps to determine the time and the amount of
money needed for all refurbishing works after a threat occurred.
With that in mind, within the scope of our traffic infrastructure and for conducting a quantitative risk
assessment for a specific purpose, there are generally two different approaches possible: a scenariobased and an object-based approach. While the latter one has to include all possible scenarios and
steady states that one infrastructural object might encounter or reach, a scenario-based approach
focusses solely on the performance of a specific element within a specific scenario.
In the course of the SKRIBT-Project, the partners already implemented a comprehensive QRAapproach for the assessment and evaluation of user risks under the threat of specific tunnel related
scenarios. This lead to the decision to focus on a scenario-based approach for the structural evaluation
and to synchronize the structural assessment with the determination of the user risk.
Probabilistic assessment
Because of the fact that the full list of scenarios as well as the final event trees contain confidential
data, the authors do not show a full listing of the scenario database here as well as a comprehensive
description of the accompanying event trees.
As described above, the research partners decided to rely on a scenario-based approach with a discrete
event probability. From there, different event-trees were developed, one for every specific scenario. In
principle, a scenario like “spontaneous release of propane” and the resulting event development was
modelled as an event tree and then synchronized with the accompanying user-related QRA. Figure 2
exemplarily shows the first branches of the event tree for the mentioned scenario.
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Figure 2: Partial event tree for fire scenarios
To determine the accompanying event split probabilities, different approaches had to be taken. For
instance, to determine the mandatory probabilities for the fire related scenarios the authors relied on a
combination of statistical analyses (building stock related data), fault-tree analyses (chain-of-cause
related incidents) and stochastic approaches (e.g. spalling). Andrews and Dunnett proposed similar
procedures in [1].
For the probability of spalling effects, a default value is currently used while the development and
validation of a quantitative stochastic model for concrete spalling under fire loads is developed. This
model is part of future publications. The probability of occurrence for each finite state f can then be
calculated by the well known formula
𝑃𝑓 = ∏𝑛𝑖=0 𝑃𝑖

(1)

Damage assessment
With risk being a two-dimensional vector, containing the probabilistic assessment of one final state’s
likelihood as one coordinate and the severity of the corresponding damage as the other, an alternative
damage assessment methodology had to be developed. The evaluator needs to be enabled to not only
determine the structural integrity of a specific structure as a binary condition (stable / not stable) but
to assess the degree of the damage a structure has taken under a specific impact. Therefore, the
development of the situation within the event and the specific finite state deliver boundary conditions
for a numerical assessment of the structure. For instance, a structure might suffer from spalling at the
concrete surface, might have a low concrete cover in general and also a degenerated concrete structure
due to age and wear. This structure might take far more damage than a relatively new structure, with
polypropylene fibers within the concrete cover ad no wear at all. With these boundary conditions a
discrete numerical model of the tunnel can be developed. Naturally, having about 27 finite states
within every event tree, not every finite state can be modeled extensively. Therefore, some boundary
conditions were accumulated to reduce the number of underlying numerical assessments. Figure 3
shows a screenshot of the numerical model for an immersed tunnel that was developed with the
DIANA-code and further used for the assessments. Here, the results from [7] are implemented as a
modified soil model. Accordingly, a spatial model for a bored tunnel was implemented. A spatial
model for a bored tunnel exists accordingly.
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Figure 3: Spatial-DIANA-Model of the immersed tunnel
Basis for the forth-going methodological approach is the 5-value scale that was already described in
[10] where “5” equals a total breakdown of the structure and “1” means no damage at all.
Alternatively, a percentaged approach is also possible. For each value of the scale a numerical model
is defined, according to the boundary conditions of the specific tunnel and the corresponding scenario.
Then, the impact of the specific scenario is applied to the model and the combined 2D/3D-analysis of
the structural reaction will be carried out. Figure 4 shows exemplarily a three-cell-cross-section of an
immersed tunnel under an explosion impact.

Figure 4: Exaggerated display of the structural response of an immersed tunnel to an explosion
For being able to develop interim values in-between the accumulated numerical assessments, the
authors developed a fuzzy model were the specific indicators for the structural assessment (e.g. crack
spacing) were implemented. Figure 5 displays the process of fuzzification and defuzzification for the
indicator “crack spacing” and how they the lead up to a definition of such an interim value. Here,
exemplarily, a crack spacing of 0,4 mm is derived from the numerical analysis. Within the fuzzy
model this spacing partially belongs to a “good” (membership value of 0,23) and a “medium”
characterization (membership value 0,62) of the structure (left side of figure 5). Via the centroid
method, which is applied for the defuzzification of the two membership values, the overall assessment
then will deliver a value of 2,75 as the level of damage in this case (right side of figure 5). The
centroid thereby is calculated via the formula
𝑈𝑠 =

𝑏

∫𝑎 𝑥 𝑓(𝑥)𝑑𝑥

(2)

𝑏

∫𝑎 𝑓(𝑥)𝑑𝑥

with a and b representing the beginning and end of the membership surface with f(x)=0. In this case
the formula can be simplified to
𝑈𝑠 =
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(0,23∗2)+(0,62∗3)
(0,62+0,23)

= 2,73

(3)
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For more information about the centroid method and fuzzification/defuzzification of such systems and
value the authors recommend publications such as [15].

Figure 5:Exemplarily display of the fuzzification and defuzzification of crack spacing and its influence
on the damage assessment
While the development of some of these membership functions were approached in an engineering
manner (conservative approximations), most influences and their characterization will be validated
via numerical assessments. A more detailed display of the model will go beyond the boundaries of
this publication and will also be part of a future publication.
Assessment of duration of repair and corresponding costs
With the two values of the risk vector and comprehensive knowledge of the specific building, an
estimation of repair duration and costs becomes possible. While the duration can be estimated
according to the construction principle or the cross section in combination with the calculated
damage, accompanying costs have to be assessed according to the following formula [10]:
KW = KN x G x Z x L x A + V
with KW
KN
G
Z
L
A
V

= Costs for rehabilitation
= Initial costs for construction
= Basic factor for rehabilitation.
= Extent of destruction related to the tunnel as a whole
= Length of destruction
= Factor for dismantling / difficulty
= Local measures for traffic safety and maintenance

(2)
[€]
[€]
[%]
[%]
[m]
[%]
[€]

As already explained, one can comprehend that costs for rehabilitation are related to the initial costs
for construction, which have to be allocated to the fiscal reference date. It is necessary to know that
the “Basic factor for rehabilitation” is determined according to the specific construction method. For
instance, in case of a fire accident in a drill and blast tunnel there will be no additional costs for
temporarily securing and thereby a reduction of the initial costs by a certain factor has to be
considered. On the other hand, an equal damage to an immersed tunnel might cause the loss of
segments or the complete structure due to water inflow. All other factors are self-explanatory.
CRITICALITY ASSESSMENT MODEL
General remarks
To meet the requirements that were already set up for a criticality assessment model, different theories
about assessment models were considered and evaluated concerning their adaptability within the
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described context. Many models and approaches, for example the Life Quality Index (LQI) [5],
provide sophisticated procedures for a comprehensive analysis. However, their transfer is often
difficult and complex, especially in terms of operating authorities and their assessment of a particular
building stock. The model must ensure a good transparency and accountability in decision-making:
Due to the high number of possible influencing factors (see also table 1) the situation might contain a
significant degree of complexity itself and therefore confront the evaluators with the challenge of a
multi-criteria problem. Furthermore, the evaluator should retain full control over the used data; the
data which have to be supplied in part by external planners and advisers. Therefore, it is mandatory
that this data is not altered or distorted by processing within the model.
As described above, it is currently neither possible to define global values for criticality in general nor
to assess a single building using some kind of criticality scale. As long as levels of socially accepted
risk are not explicitly defined this might even be out of reach. Nevertheless, it is already possible to
carry out a comparative assessment of the building stock for identifying structures with lower or
higher criticality than others buildings provide. This could enable operating authorities to identify for
instance the 5% of the building stock that represent the most critical structures in terms of the
aforementioned definition. If advised accordingly, this situation could also be described as the
comparison of alternatives, looking for the highest or lowest criticality.
Therefore, the research partners decided to use the Analytical Hierarchy Process (AHP) by Saaty [6].
In the course of the SOLIT²-project the authors developed an adaptation of the AHP to the boundaries
of decision problems for the selection of technical equipment for underground infrastructure [11][12].
Originally, this model transferred into a software tool [2]. Here, it was simplified and adopted to
become an automized assessment tool for the criticality evaluation of a building stock.
Model structure and exemplarily application
According to the procedure for application of the AHP it is necessary to develop a rating hierarchy,
which reflects the decision situation as a hierarchical structure [6]. Therefore, all criteria from Tab.1
needs to be integrated within the hierarchy: Structural safety, user safety, life-cycle cost, availability
and location in the road network and other aspects. Figure 6 shows the resulting overall hierarchy.

Figure 6: Hierarchical structure of the assessment model
As can be seen above, every criterion is integrated within the assessment-structure with all its
indicators. Exemplarily there are seven buildings already represented in the model. In theory, the
amount of buildings to be implemented is not limited by the boundaries of the assessment tool. Every
building then has to be assessed and evaluated in terms of the aforementioned criteria.
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In the course of the SKRIBTPlus-project the needed evaluations are carried out criterion-wise. Via
programmatically interfaces the accompanying data can then be imported to the software tool and
processed within the AHP-module.
As a typical result of the AHP-methodology, the calculation then delivers a ranking of the considered
buildings. Figure 8 displays the ranking that results from the assessment described above.

Figure 7: Criticality ranking of the exemplarily assessment
Thereby, the accompanying number of each building (see ordinate) does not represent some kind of a
global criticality index, but the percentaged degree of criticality one object has in regard to the
building stock it is compared with. In others words: The sum of all percentaged numbers of the
considered buildings add up to 100% after each calculation. That said a raise of the pure amount of
buildings to be considered would automatically lower the AHP-number each building produces within
the calculation. Therefore, the user has to be aware that these kind of assessments do not produce
universal results.
CONCLUSIONS AND OUTLOOK
The methodological approach that was described within this paper provides the possibility to compare
the buildings of one nations building stock for coming up with criticality rankings in terms of the
described criteria. Naturally, it would be difficult to include the full amount of one nations building
stock (e.g. about 250 tunnels in Germany alone). However, with the use of adequate pre-filters it is
possible to come to a comprehensive assessment about the state of criticality. As a result, this
provides the user with the feasibility to prioritize a specific building regarding the realization of
mitigation measures, particulary in times of budget restraints. Regarding the scientific status quo there
is still some work to be done, especially when it comes to the validation of the implemented fuzzymodel. Also, the implementation of possible measures and their assessment can be envisioned,
especially with the continuous raise of performance modern computer-systems are providing.
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ABSTRACT
Article 13 of the EU Directive on minimum safety requirements for tunnels in the Trans-European
Road Network states that a risk analysis, where necessary, shall be carried out. In the Netherlands, the
risk of decease for road users in a tunnel (internal risk) is calculated with a model for quantitative risk
analysis, which is called “QRA-tunnels”. QRA-tunnels is not suitable to explicitly calculate the risk in
tunnels with additional ramps. The model does not foresee input for additional ramps. In this paper a
method is presented enabling the explicit calculation of the risk in a tunnel with additional ramps.
This method to Calculate Additional Ramps Explicitly (CARE) has been applied to the Churchill
tunnel, one of the alternatives to connect the highway A4 with the A44 in the vicinity of the city of
Leiden in the Netherlands. The calculations performed for the Churchill tunnel serve to illustrate the
method.
KEYWORDS: quantitative risk analysis, QRA, road tunnel, ramps, tunnel safety, weaving,
convergence point, divergence point, accident factor,
INTRODUCTION
The EU Directive on minimum safety requirements for tunnels in the Trans-European Road Network
states that “risk analyses, where necessary, shall be carried out… A risk analysis is an analysis of risks
for a given tunnel, taking into account all design factors and traffic conditions that affect safety,
notably traffic characteristics and type, tunnel length and tunnel geometry, as well as the forecast
number of heavy goods vehicles per day. Member States shall ensure that, at national level, a detailed
and well-defined methodology, corresponding to the best available practices, is used…” [1].
In the Netherlands, the risk of decease for road users in a tunnel (internal risk) has to be calculated
with a model for quantitative risk analysis, which is called “QRA-tunnels”. This model (version 2.0)
has been developed for Dutch tunnels in particular, which are usually tunnels without additional
ramps. QRA-tunnels is not suitable to explicitly calculate the risk in tunnels with additional ramps.
The model does not foresee input for additional ramps. In this paper a method is presented that
enables calculating the risk in a tunnel with additional ramps. This method has been applied to the
Churchill tunnel, one of the alternatives to connect the highway A4 with the A44 in the vicinity of
Leiden (Figure 1). The calculations performed for the Churchill tunnel serve to illustrate the method
[2].
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Churchill tunnel

Figure 1

The Churchill tunnel in the city of Leiden, The Netherlands [5]

The tunnel
In the vicinity of the city of Leiden in the Netherlands, an additional connection between the
highways A4 and A44 is foreseen, the so-called Rijnlandroute. Several alternatives for this connection
have been developed. One of them is a route which includes a tunnel of approximately 3,5 km with
six additional ramps under the city of Leiden, the so-called Churchill tunnel (Figure 2, based on [9,
10]).

Figure 2

Schematic overview of the Churchill tunnel with ramps

The thick arrows symbolize the two tunnel tubes. The dotted arrows indicate the emergency lanes.
The dotted stretch symbolizes the weaving section. The small thick arrows indicate the additional
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merging ramps and the small thin arrows indicate the additional exiting ramps. The east-west tube has
one merging and three exiting ramps and the west-east tube has one merging and one exiting ramp.
The numbers indicate the length of the tunnel parts in meters. The weaving sections are 820 m long,
the two exit parts are 600 respectively 630 m long. The remaining parts are 700 and 950 m for the
east-west tube and 1930 and 700 m for the west-east tube.
Problem definition
Since the current QRA-tunnels model cannot deal with tunnels with additional ramps explicitly, a
solution was needed to calculate the internal risk of the Churchill tunnel. In principle there were two
options:
1) intuitively change the values of some of the input parameters in the model, for example the
accident probabilities, to incorporate the influence of the ramps implicitly or
2) develop a method to incorporate the influence of the ramps explicitly
Since it was unclear how the values of the input parameters should be changed and it would be
difficult or impossible to give the intuitive changes a sufficiently scientific basis, the decision was
made to choose the second option and develop a method to incorporate the influence of the ramps
explicitly.
Current method
QRA-tunnels is a software tool based on an event tree. The model has a large number of input
parameters. Part of them are set as default values, part of them have to be filled in for a specific tunnel
tube. The following groups of input parameters have to be filled in:
1) Geometry
2) Safety measures and installations
3) Vehicles
4) Traffic intensity
5) Traffic compilation
6) Dangerous goods
7) Traffic jam downstream
8) Accident probability
The default values have not been changed in this study. The calculations result in an fN-curve with
the group risk and the standard (0,1/N2). More information on QRA-tunnels can be found in [3, 4].
In QRA-tunnels there are no input parameters to include merging and exiting ramps explicitly. The
internal risk is calculated for a tunnel with a certain number of lanes throughout the entire length of
the tunnel. The tunnel can be divided in three different parts corresponding with the design of an
immersed tunnel: a downward slope, a horizontal part and an upward slope. Therefore, also the
accident probabilities can be varied according to these three parts. Furthermore the accident
probabilities may be varied between the probability of a breakdown, the probability of an accident
with material damage only (abbreviated to MDO) and the probability of an accident with fatalities. In
that way a total of nine possible accident probabilities result:
Fbreakdown,down, Fbreakdown,hor, Fbreakdown,up, FMDO,down, FMDO,hor, FMDO,up, Ffatalities,down, Ffatalities,hor, Ffatalities,up
In the user manual of QRA-tunnels [3] it is stated that the proportionality between the accident
probabilities is as follows:
Breakdown : MDO : fatalities = 50 : 10 : 1
If either one of the accident probabilities of breakdown, MDO or fatalities is known, the other two can
be calculated based on the proportionality. The proportionality is based on statistics. Since there is no
relation between breakdown and accidents with fatalities, the proportionality may change if the fatal
accident probability changes. For reasons of simplicity, the proportionality is in this study assumed to
be constant. A guideline for the calculation of the probability of an accident with fatalities is given in
[5].
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The influence of additional ramps is not included in either of these nine accident probabilities. In the
user manual [3] it is suggested to change the value of the accident probabilities in case additional
ramps are foreseen. No suggestions are done regarding the kind (higher or lower) or magnitude of the
change.
When additional ramps are included in the design of a tunnel, it is reasonable to assume that the
accident probabilities near the ramps may be different from the accident probabilities on uninterrupted
stretches, due to the changing of lanes. The question is how these probabilities change and how these
changes should be modelled in QRA-tunnels, based on scientific foundations instead of intuition.
METHOD TO CALCULATE ADDITIONAL RAMPS EXPLICITLY (CARE)
To calculate the effect of the additional ramps on the internal risk, the tunnel needs to be divided in
parts. Each part has its own accident probability, corresponding with the characteristics of the tunnel
on that specific part. To be able to do so, both the division in parts as well as the corresponding
accident probability needs to be known. The CARE method is therefore based on the following steps:
1) Division of the tunnel length into the number of parts corresponding with the number of
ramps and the slope;
2) Calculation of the accident probabilities belonging to each part of the tunnel.
Both steps will be explained in more detail below.
Division into parts
The choice of the length of the tunnel parts is dependent on the type and location of the ramps. The
type of the ramp, for example a merging or exiting ramp, defines what kind of convergence
respectively divergence point is concerned. A convergence point is a point in the tunnel where two
traffic flows merge. A divergence point is a point where one traffic flow separates in two traffic flows.
Several types of convergence and divergence points exist, depending on the road design. At such
points, the traffic changes lanes and therefore causes turbulence in the traffic flow. The type of
convergence or divergence point determines the length of the turbulence and therefore the length of
the tunnel part.
The location of the ramp determines whether eye accommodation (the eyes need time to adapt in case
of transitions between light and dark environments) needs to be taken into account. When ramps are
situated closely to the regular entrance or exit of the tunnel, the adaptation of the eye to either the
darker environment of the tunnel respectively to daylight, needs to be taken into account. The ramps
themselves are small tunnels as well with a length of approximately 250 m. It is assumed that eye
accommodation does not play a part for such distance, since in [6] a distance of 105 m is mentioned
for a speed of 80 km/h. The maximum speed in the Churchill tunnel is 70 km/h so the distance for eye
accommodation would be even less.
Depending on the type and location of the ramp, a certain distance before or after the ramp can be
identified where the traffic changes lanes and thus the accident probability differs from parts in the
tunnel where less or no lane changing occurs. This distance, where driving behaviour and traffic flow
is influenced by the ramp, is called the turbulence distance. The turbulence distance can be
determined based on [6]. The accident probability is assumed to be homogeneous over the turbulence
distance as well as for the remaining tunnel parts.
The Churchill tunnel has two weaving sections (consisting of a combined merging and exiting ramp)
and two exit ramps, the so-called convergence and divergence points. The turbulence distance is
dependent on the speed of the road and the type of convergence/divergence points. The speed in the
Churchill tunnel is 70 km/h. The turbulence distances for the Churchill tunnel become, based on [6] as
follows:
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Table 1
Turbulence distance
Con-/divergence
Distance
point
upstream [m]
Weaving zone
Exit 1
Exit 2

100
500
500

Length con/divergence
point [m]
620(a)
-

Distance
downstream
[m]
100
100
130(b)

Total
[m]
820
600
630

(a)

: The formula gives ½ x (500+500) = 500 m, but in the design a reservation of 620 m has been
made.
(b)
: The formula gives 125 m including eye accommodation and based on risk approach B, but in the
design a reservation of 130 m has been made.
The tunnel is divided into the parts corresponding with the turbulence distances and the remaining
parts. The remaining parts are divided according to their slope.
Slope
The parts corresponding with the convergence and divergence points are all horizontal. The remaining
length of the tunnel needs to be subdivided into downward, horizontal and upward parts. In QRAtunnels only one value for each of these lengths can be entered. Therefore, when there are for example
multiple upward parts in the tunnel, these are summed up and the total length of the upward parts is
entered into the model. The overview of the division of the parts in the east-west tube becomes as
follows:
Table 2
Length of the parts in the east-west tube
Zone
Length [m]
Composition [m]
Entrance
700
Ldown 60 + Lup 320 + Lhor 320
Weaving zone
820
100 + 620 + 100
Neutral zone
950
Lhor 330 + Ldown 340 + Lup 280(c)
Exit 2
600
500 + 100
Exit 3
630
500 + 130
Total
3700
(c)
: Lup is locally 300m, of which 20 m is part of the turbulence distance of exit 2. The remaining 280
m is in the neutral zone.
In the same way the length of the parts for the west-east tube have been established
Table 3
Length of the parts in the west-east tube
Zone
Length [m]
Composition [m]
Entrance
1930
Lhor 960 + Ldown 300 + Lup 340 + Lhor 330
Weaving zone
820
100 + 620 + 100
Neutral zone
700
Lhor 320 + Ldown 320 + Lup 60
Total
3450
Upward or downward parts of the tunnel which are part of the turbulence distances are included in the
turbulence distance only and not in the remaining parts. In this way the east-west tube consists of six
parts (weaving section, exit 1 and 2, Ldown, Lhor and Lup). The west-east tube consists of only four
parts (weaving section, Ldown, Lhor and Lup). For each of these parts the accident probabilities need
to be calculated.
Calculation of the accident probabilities
In [5] a method to calculate the probability of an accident with fatalities in a tunnel is presented. The
method is based on the (positive or negative) effect that certain design- and traffic characteristics have
on the accident probability. Specific design- and traffic characteristics are taken as a starting point and
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deviations from that are given positive or negative effects. For example: the basic number of lanes is
two. A tube with two lanes therefore corresponds with an accident factor of 1.0. When a tunnel tube
has only one lane, the accident factor changes to 0.75 and with three lanes to 1.10. The accident
factors are multiplied with each other, resulting in an accident factor for the tunnel. This factor is
multiplied with the basic accident frequency for Dutch tunnels, resulting in an accident frequency for
the tunnel (expressed in accidents with fatalities per vehicle kilometre).
15

F = Fb α = Fb ∏ α i
i =1

(1)

Where Fb is the basic accident frequency (in Dutch road tunnels 0,5 * 10-7 per vehicle kilometre [5])
and the αi are the correction factors (accident factors) discussed above. The values for the correction
factors can be found in Table 7 and Table 8.
In the calculation method 15 design- and traffic characteristics as presented in Table 4 are taken into
account. However, this calculation method is intended to calculate the accident probability for the
entire tunnel tube and in this case the accident probabilities per tunnel part are needed. Therefore we
need to do the calculation for every tunnel part. The resulting accident probabilities are weighed
according to their length and summed up. Some of the design- and traffic characteristics will stay the
same whether they are calculated for a part of the tunnel or the entire tunnel, but some of the
characteristics need to be adapted. The characteristics that need to be adapted are the ones that change
over the length of the tunnel and are presented in the second column of Table 4.
Table 4
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Design- and traffic characteristics
Characteristic
Number of lanes
Presence of an emergency lane
Length of the tunnel
Width of the lanes
Width of the hard shoulder
Distance con/divergence point to tunnel
Distance tunnel to con/divergence point
Recoil of downstream traffic jam
Inclining slope of the tunnel
Declining slope of the tunnel
Horizontal bend
Vertical bend
Maximum speed
Ratio between intensity and capacity
Fraction of heavy goods traffic

Adaptation needed ?
No
No
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
Yes
No

In the calculation method there is no possibility to take into account the influence of the traffic
turbulence due to convergence or divergence points inside the tunnel, only outside the tunnel. We
propose to include an additional characteristic, called “weaving factor”. Since there is no value or
calculation method known for the weaving factor, the value had to be estimated. Weaving inside the
tunnel may be compared to weaving outside a tunnel. In [5] an accident factor between 1.0 and 1.3 is
used, depending on the distance to the convergence or divergence point. For weaving inside a tunnel,
a conservative approach is used and the maximum value of 1.3 is chosen as the accident factor for
weaving. At the weaving section, a combined convergence and divergence point exists. Therefore the
weaving factor needs to be applied twice, giving 1.3 x 1.3 = 1.69. The parameters used for the
calculation are presented in Table 5 for the east-west tube and in Table 6 for the west-east tube.
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Table 5
Input parameters east-west tube
Characteristic
Unit Entrance Weaving
Number of lanes
2
2
Presence of an
yes
yes
emergency lane
Length of the
m
320
820
tunnel
Width of the lanes m
3,25
3,25
Width of the hard m
0,6
0,6
shoulder
Distance
m
380
380
con/divergence
point to tunnel
Distance tunnel to m
1200
1200
con/divergence
point
Recoil of
mln
12,1
14,7
downstream traffic veh/a
jam
Inclining slope of km/h 0
0
the tunnel
Declining slope of %
0
0
the tunnel
Horizontal bend
m
0
0
Vertical bend
m
5000
6500
Maximum speed
km/h 70
70
Intensity/capacity 0,89
0,84
ratio
Fraction of heavy %
11
11
goods traffic
Weaving factor
no
1,69
Table 6
Input parameters west-east tube
Characteristic
Unit
Number of lanes
Presence of an emergency lane
Length of the tunnel
m
Width of the lanes
m
Width of the hard shoulder
m
Distance con/divergence point to m
tunnel
Distance tunnel to con/divergence m
point
Recoil of downstream traffic jam mln
veh/a
Inclining slope of the tunnel
km/h
Declining slope of the tunnel
%
Horizontal bend
m
Vertical bend
m
Maximum speed
km/h
Intensity/capacity ratio
Fraction of heavy goods traffic
%
Weaving factor
-

Neutral Exit_1 Exit_2 Ldown Lup
2
2
2
2
2
yes
yes
yes
yes
yes

Lhor
2
yes

330

600

630

400

600

650

3,25
0,6

3,25
0,6

3,25
0,6

3,25
0,6

3,25
0,6

3,25
0,6

380

380

380

380

380

380

1200

1200

193

1200

1200 1200

14,7

14,7

14,7

14,7

14,7

14,7

0

0

0

0

0

0

0

0

0

3

0

0

0
6500
70
0,74

0
5800
70
0,57

220
6500
70
0,35

0
5800
70
0,74

0
5800
70
0,82

0
6500
70
0,82

11

11

11

11

11

11

no

1,3

1,3

no

no

no

Entrance
2
yes
1290
3,25
0,6
590

Weaving
2
yes
820
3,25
0,6
590

Neutral
2
yes
320
3,25
0,6
590

Ldown
2
yes
620
3,25
0,6
590

Lup
2
yes
400
3,25
0,6
590

Lhor
2
yes
1610
3,25
0,6
590

735

735

735

735

735

735

7,0

11,3

9,3

8,1

7,0

7,4

1
0
220
5000
70
0,64
11
no

1
0
0
5000
70
0,76
11
1,69

1
0
0
5000
70
0,79
11
no

1
3
0
5000
70
0,72
11
no

1
0
0
5000
70
0,64
11
no

1
0
0
5000
70
0,72
11
no
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The results of the calculations of the accident factors and accident frequency for every tunnel part are
presented in Table 7. The accident factor calculated with the calculation tool [7] is multiplied with the
weaving factor to result in the total accident factor. The total accident factor is multiplied with the
basic frequency for accidents with fatalities in Dutch tunnels, which is 0,5 E-07. This results in the socalled fatal accident frequency.
Table 7
Results of the calculation of the accident frequencies: east-west tube
Tunnel part
Length Accident
Weaving
Total
Fatal accident
[km]
accident
frequency
factor α
factor αw
factor [-]
[fatalities/mln veh-km]
[-]
[-]
Entrance
0,32
1,22
1
1,22
6,10 E-08
Weaving section
0,82
0,87
1,69
1,47
7,35 E-08
Neutral
0,33
0,76
1
0,76
3,80 E-08
Exit 1
0,60
0,68
1,3
0,88
4,40 E-08
Exit 2
0,63
1,37
1,3
1,78
8,90 E-08
Lhor
1,70
n.a.
n.a.
n.a.
6,47 E-08
Ldown
0,40
0,79
1
0,79
3,95 E-08
Lup
0,60
0,88
1
0,88
4,40 E-08
(d)
Total accident factor is the accident factor multiplied by the weaving factor.
The fatal accident frequencies need to be changed in such a way that they can be fed into QRAtunnels. This means that we need a fatal accident probability for the downward, horizontal and
upward part. The values for the downward and upward parts can be fed directly into the model. The
horizontal part consists of several tunnel parts and therefore needs adjustment. The total frequency of
fatal accidents for the horizontal part may be calculated as follows:
Fhor =

∑ α wk Fk Lk
k

∑ Lk

(2)

k

Where Fk is the accident frequency for horizontal tunnel part k according to eq (1) and Lk the
corresponding length. The relevant tunnel parts are for both tubes (1) the entrance zone, (2) the
weaving zone, (3) a neutral zone and for the east-west tube (4) exit 1 and (5) exit 2. The weaving
factors αwk are equal to:
α w1 = α w3 = 1.0;α w2 = 1.69 and α w4 = α w5 = 1.3;

(3)

The bold numbers are used as input for the QRA-tunnels model. The same can be done for the westeast tube, resulting in Table 8.
Table 8
Results of the calculation of the accident frequencies: west-east tube
Tunnel part
Length
Accident
Weaving
Total
Fatal accident frequency
[km]
[fatalities/mln veh-km]
factor α
factor αw accident
factor [-]
[-]
[-]
Entrance
1,92
0,97
1
0,97
4,85 E-08
Weaving section
0,82
0,80
1,69
1,35
6,75 E-08
Neutral
0,32
0,80
1
0,8
4,00 E-08
Lhor
2,43
n.a.
n.a.
n.a.
5,27 E-08
Ldown
0,62
0,83
1
0,83
4,15 E-08
Lup
0,40
0,73
1
0,73
3,65 E-08
The accident frequencies can now be entered into the QRA-tunnels model.
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Consequences
The extra merging and exiting ramps may have an impact on the consequences of accidents as well.
The exiting ramps cause a frog between the main tunnel and the exiting ramp. In case of an accident, a
car may crash on the frog, while, in case of no ramps, the car may crash into the tunnel wall. Although
there is currently no foundation known, it may be assumed that the consequences of such an accident
are worse than in case no ramps are foreseen.
The ramps may also influence the supply of fresh air and the spread of smoke in case of a fire. The
exact influence is unclear and need to be studied and taken into account in the design of for example
the ventilation.
Furthermore the extra ramps may serve as extra evacuation possibilities for road users and extra
access points for emergency services. In case of the latter, the importance of the extra access points
for emergency services should be weighed against unambiguous plans of attack by the same
emergency services. Uncertainty about the ramp to enter the tunnel may result in dangerous situations
for the emenrgency services.
The ramps may be advantageous in combination with well-performed traffic management in case a
traffic-jam builds up behind an accident. The traffic behind the accident may be able to leave the
tunnel through one of the additional exit ramps.
These aspects influence the consequences of accidents and may lead to either more or less fatalities.
At this moment these consequences cannot be quantified and therefore could not be included in this
study.
RESULTS
QRA-tunnels 2.0 with model number 0.56 and build number 1.4.0.29613 has been used for the
calculations. For every calculation 1.823.770 scenarios are calculated. The input parameters from [2]
have been used, with one exception. Fire detection by means of visibility every 250 m has been
introduced. This is quite a common safety measure but had conservately not been taken into account
in the original calculations.
The new values for the accident frequencies are entered in the QRA-tunnels model and run. A second
calculation has been done for the Churchilltunnel without ramps. For the calculation without ramps,
the same input is used, except the values for the accident frequencies. The values for the accident
frequencies are calculated according to the calculation method in [5] for the tunnel tube as a whole
and without the weaving factor. The accident frequencies from Table 9 and Table 10 are used as
input. The values for breakdown and MDO are calculated from the proportionality as presented in (1).
Table 9
Accident frequencies east-west tube [fatal accidents/ veh-km]
East-west tube
Without ramps With ramps
breakdown
MDO
Fatalities

2,90E-06
5,80E-07
5,80E-08

Ldown
1,98E-06
3,95E-07
3,95E-08

Lup
2,20E-06
4,40E-07
4,40E-08

Lhor
3,24E-06
6,47E-07
6,47E-08

The results from both calculations, with as well as without ramps, are compared to each other and
presented in Figure 3.
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Figure 3

Internal group risk of east-west tube with and without ramps.

In Figure 3 both the internal group risk with and without ramps can be seen. The straight line
represents the standard. On the X-axis the number of fatalities is presented and on the Y-axis the
frequency (of N or more fatalities per km per year). It can be seen that the difference in the internal
group risk with or without ramps is very little. On some occasions the risk of the tunnel with ramps is
slightly lower than without ramps. Two factors have influenced the differences between both
calculations; 1) including the weaving factor and 2) calculation of the accident frequencies per part
compared to the entire tunnel tube. Apparently the influence of including the weaving factor is
smaller than the influence of calculating the accident frequencies part by part.
The same calculation can be done for the west-east tube, resulting in Table 10 and Figure 4.
Table 10
Accident frequencies west-east tube [fatal accidents/veh-km]
West-east tube
Without ramps With ramps
breakdown
MDO
Fatalities
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2,90E-06
5,80E-07
5,80E-08

Ldown
2,08E-06
4,15E-07
4,15E-08

Lup
1,83E-06
3,65E-07
3,65E-08

Lhor
2,64E-06
5,27E-07
5,27E-08
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Figure 4

Internal group risk of west-east tube with and without ramps.

The difference between the risk with and without ramps is slightly larger than compared to the eastwest tube. The reason for that is unknown.
CONCLUSIONS
The CARE method provides a way to explicitly calculate the influence of additional ramps by means
of calculating the accident frequencies per tunnel part. Therefore QRA-tunnels can be more widely
applied than before, in particular for tunnels in cities. For the Netherlands this is important as the
model is a mandatory tool for the safety check of every road tunnel.
In the Churchill tunnel case described in this paper the effect of the additional ramps turned out to be
marginal and indicating that additional ramps do not seriously affect the tunnel safety. It should be
noted that the method may be applicable to quantitative risk analyses in general, but this has not been
studied within the current research. For instance the effect of the ramps on crash intensities, fire
characteristics, escape options and fire brigade options have not been studied.
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ABSTRACT
The benefits of fixed fire fighting systems (FFFSs) are becoming more apparent with full-scale testing
and real fire incidents showing improved outcomes for both fire life safety (FLS) and structural
protection. However, many road tunnels are required to provide safety systems such that FLS
outcomes can be achieved without relying on the FFFS. This is driven in part by a residual
uncertainty; there is always that small chance the FFFS will not work. While this redundancy is
beneficial for safety, economic and practical considerations mean that designers, facility operators and
clients are under pressure to demonstrate value. This paper presents a risk-based methodology and
acceptance framework, informed by engineering ethics, to help stakeholders to incorporate this
uncertainty of performance and to capitalize on the benefits offered by installation of FFFSs.
KEYWORD: fixed fire fighting system, risk analysis, engineering ethics, CFD
INTRODUCTION
Recent road tunnel fire events, such as the 2007 Burnley Tunnel fire [1], provide a practical example
of the fire-life safety (FLS), structural and socio-economic continuity benefits that a fixed fire fighting
system (FFFS) can provide. Recent full-scale test programs have utilized controlled testing where the
theoretical benefits of a FFFS have been demonstrated (i.e. fire control, prevention of fire spread,
reduced temperatures, and improved egress and fire fighting) [2, 3]. Internationally, road tunnel fire
safety standards continue to trend toward recognition of the potential benefits of FFFSs, and are
requiring consideration of their inclusion in new designs (e.g. NFPA 502 [4], AS 4825 [5]).
However, many road tunnel designs are still typically required to provide FLS systems that can
achieve safety levels without relying on a FFFS. For instance, in a road tunnel utilized by heavy goods
vehicles (HGVs), the tunnel ventilation is typically designed for a fire heat release rate (FHRR) of
100 MW, with or without a FFFS. The structure is typically required to withstand the RWS
temperature-time curve. In addition, to quantify the FFFS’s performance under the design fire
condition, designers must either conduct full-scale testing or perform bespoke modeling.
However, even with testing and/or modeling, there will still be a degree of uncertainty in the
performance of the FFFS. For instance, many inter-related and varying parameters exist for a tunnel
fire and it is not practical to undertake full-scale tests for all variations. Modeling, such as
computational fluid dynamics (CFD), could be more economical than full scale testing but is difficult
due to accurately representing all of the physical phenomena (e.g. turbulence, combustion, heat
transfer, etc.). Given these challenges, neither full scale testing datasets, nor CFD, are mature enough
at this time to give a complete deterministic prediction of FFFS performance.
Despite the design uncertainties, and given the demonstrated positive performance of a FFFS, it is
logical to reconsider the need to design for fires with extreme FHRRs and temperatures even when a
FFFS is to be provided. The difficulty with establishing standard criteria for FLS system performance
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in road tunnels is the residual uncertainty of the fire event itself; the worst combination of
circumstances is theoretically possible and so we attempt to design for it. To circumvent this
engineering inefficiency and demonstrate value associated with design provisions, the performancebased design approach toward road tunnel FLS needs to move from deterministic to risk-based [6].
A desktop case study is used to demonstrate a proposed risk-based methodology. It considers a
NFPA 502 compliant road tunnel design as the base case. Variations to this base case design include
including FFFS and/or smoke exhaust, variable exit spacing, and traffic control. The impact of each
design option is analyzed over a range of possible fire scenarios defined by an event tree analysis.
The residual risk of each design option is estimated via quantitative risk analysis (QRA) and evaluated
using the criterion that the risk must be reduced to a level “as low as reasonably practical” (ALARP)
[7]. The definition of ALARP is a key to making a risk-based decision, and it is also one of the most
difficult parts of the process. To consider risk acceptance in terms of “deaths” or “cost per life” is
often politically untenable, yet a consistent framework is still needed to compare designs [7]. To
overcome this, a risk analysis and acceptance framework informed by engineering ethics is proposed.
This framework uses not only quantitative criteria, such as utilitarian cost-benefit analysis, but also
softer criteria (duty, rights and virtue ethical approaches [8]) to arrive at a balanced demonstration of
an ALARP outcome.
PREVIOUS WORK
Stacey [9] discussed risk evaluation in the context of tunnel upgrades, arguing that quantitative
assessments of risk do not help make decisions because, when it comes to fires in road tunnels, there
is too much uncertainty; the best a quantitative approach can do is deliver an order-of-magnitude
result, which may not be able to separate design options. A qualitative approach was advocated
considering integrated solutions based on either smoke control (e.g. exhaust), egress options (e.g.
closer exits or traffic management) or addressing the fire (e.g. FFFSs). It is postulated that the
responsibility for accepting a level of risk rests with the government agency, or organization, that is
delivering the project. This is because only this entity can set the appropriate balance between
expense and safety. This responsibility is frequently erroneously assigned to the fire service (who may
want safety at any cost) or other agencies with similar biased interest (such as the cheapest solution).
Scott [10] argues that the benefits of a FFFS are seen for only a very isolated type of fire event; one
where the fire is beyond what the fire service can practically manage. The author points out that
current standards define safety features such that modern tunnels are safe, without inclusion of a
FFFS. Cautionary advice is given that if FFFSs are installed that their inclusion must be balanced
against the potential hazards they introduce. An example is unintended operation of the system during
normal operation. The conclusion is that design codes should not make FFFSs mandatory.
A similar conclusion was reached by Hall [11]; that modern tunnels with comprehensive safety
features will see only a moderate improvement in safety if a FFFS is installed. A cost-benefit analysis
was conducted for a 1.9 km long road tunnel, with peak FHRR up to 100 MW. It was determined that
the cost-benefit ratio did not support inclusion of a FFFS.
This overview shows that inclusion of a FFFS should not be mandatory. When other safety features
are included in a tunnel there may be no additional benefit to including a FFFS. Thus it is necessary to
have a framework for deciding on inclusion of a FFFS, and subsequent optimization of the safety
feature design based on this. Clarity as to who has authority to make a decision is also required.
RISK-BASED DECISIONS USING ENGINEERING ETHICS
Several perspectives should be considered to determine what is an ALARP (and hence acceptable)
level of risk. A singular approach may not give an appropriately balanced decision. The four
philosophical viewpoints of ethics can help to provide balance to risk-based decision making [8]. A
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framework for making a decision using risk-based methods is outlined in Figure 1. This framework
defines and considers the four viewpoints of ethics to arrive at a balanced risk-based decision.

Figure 1

Risk evaluation framework using the philosophical viewpoints of engineering ethics

CASE STUDY – NFPA 502 COMPLIANT TUNNEL
A case study is analyzed to demonstrate application of the framework presented and to determine the
benefits of FFFS inclusion. NFPA 502 [4] is used as a basis since it is a standard that is a mix of
prescriptive and performance-based requirements, and because it recognizes FFFSs as a FLS measure.
A 5 km long unidirectional tunnel is considered. The Appendix provides the main tunnel design
features relevant to the case study. Congested traffic conditions are assumed to occur. NFPA 502
requires demonstration of a tenable environment for egress (clause 7.16.2) and the case of particular
concern is congested traffic. For this case clause 7.6.2(3) of NFPA 502 provides guidance:
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7.6.2(3) Means shall be provided downstream of the incident site to expedite the flow of vehicles from
the tunnel. Where it is not possible to provide such means, under all traffic conditions, the tunnel shall
be protected by a fixed fire fighting system or other suitable means to establish a tenable environment
to permit safe evacuation and emergency services access.
This above requirement can be met by providing one of, or a combination of, the following:
1. Traffic control and longitudinal ventilation – During an incident vehicles upstream of the fire
are protected by ventilation. Traffic control enables downstream vehicles to exit the tunnel.
2. Closely spaced egress and longitudinal ventilation – During an incident occupants only need
to move a short distance to reach a point of safety. The maximum exit spacing allowed is
300 m (NFPA 502 clause 7.16.6.2).
3. Smoke exhaust – During an incident occupants are in a tenable environment except in the
region of the extraction points near to the fire.
4. FFFS – Provide a FFFS and longitudinal ventilation, such that during an incident vehicles
downstream are in tenable conditions due to the impact of the FFFS on the fire.
To assess the performance of each design option a risk analysis is conducted, taking into account
performance and cost. Figure 3 lists the options assessed. Structural fire protection is also considered.
The following summarises the QRA methodology used, with more detail (inputs, model detail,
costing) provided in the Appendix:
• An event tree is used to establish the fire scenarios. The variables considered in the event tree
are shown in Figure 2. Each design option is tested for each event tree scenario.
• Costs of each design option are estimated and are informed by previous project experience
and converted into US dollars. A discount rate of 3.5% is assumed to convert costs to a
project opening year equivalent. The opening year and all costs are based on 2025 and a 100
year design life is considered. All mechanical and electrical provisions are assumed to have a
design life of 25 years, with a refurbishment cost of 15% of the initial cost. The initial
infrastructure cost, and overall whole of life cost for each provision and design options is
summarized in Figure 3.
• CFD models are used to estimate the available safe egress time (ASET) for each fire scenario
and design option. Fire Dynamics Simulator (FDS, v5.5.3) [13] was used. Required safe
egress time (RSET) is estimated using spreadsheet calculations.
• When RSET>ASET in a segment, the number of occupants in the segment are counted as
exposed (i.e. potential fatality). The statistical value of a human life is used to express an
event’s consequences in financial terms.
• Impacts of the fire on the structure are informed by previous fire events [1, 14] and are
estimated based on the peak FHRR achieved, whether or not FFFS is included, and the impact
that it has on the fire. Facility downtime due to structural repair is included in the analysis.
• A scripting tool was developed to automate the process of model development and post
processing, and manage the large volume of models and data generated.
The impact of water on the FHRR is not accounted for in the CFD by a physical model of fire
suppression. Instead there are three possible impacts modeled: fire suppression (the FHRR decreases
substantially), fire control (the FHRR stops growing) and fail to control (FFFS operates but the FHRR
continues to increase). Example FHRR profiles are given in the Appendix.
These behaviors are all reasonable possibilities and experience with FFFS suggests that in most cases
they will have a suppressive effect [1, 2]. To account for the possibility of other outcomes the
behaviors of control and failure to control are included. In the risk-based framework it is possible to
combine the three behaviors proportionally (e.g. 95% suppressed, 4% controlled, 1% fail to control).
This allows for benefits of a FFFS to be accounted for while still acknowledging the possibility that
the FFFS may not function perfectly for every possible circumstance. The rate of fire suppression
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(95%) is an estimate based on a relatively large water application rate of 10 mm/min.

Figure 2

Event tree example

BALANCED EVALUATION OF RISK AND OUTCOMES
Figure 3 shows the outcome of applying the risk evaluation framework to evaluate the design options.
This figure also gives an estimation of exposures and the cost of each design option. Due to the
normalization the case with the lowest score is the best performing.
Cost-Benefit (Utilitarian) Assessment (Test 1) – Figure 3 (i)
Cases with a cost/benefit ratio greater than 10 are not considered cost effective [15]. This includes
those with smoke exhaust (cases D and H) and traffic control (case E). Smoke exhaust requires a large
investment but it does nothing to reduce the fire size and subsequent structural consequences. Traffic
control’s cost is driven by the restriction of traffic flow and the subsequent impact on facility revenue.
Closer exit spacing (case B) is very cost effective because the ongoing maintenance is very low.
FFFSs are also very cost effective although they require a large investment over the life of the tunnel
(case F) due to maintenance and refurbishment. The most cost effective case, by a small margin, is
further exits and inclusion of FFFS (case I), provided the FFFS achieves suppression in 95% of cases.
The results so far do not indicate a definitive outcome. Some cases which are cost effective (e.g.
closer exits, cases B and C), have a large consequence cost associated with them relative to FFFS
cases. This result illustrates the importance of using multiple perspectives when making risk-based
decisions.
Life Safety (Duty) Assessment (Test 2) – Figure 3 (ii)
All design options (cases B through I) achieve a reduction in FLS consequences from the base case
and comply with NFPA 502. The worst performing case is closer spaced exits (cases B and C). Traffic
control and smoke exhaust perform very well (cases E and H), although these cases are not cost
effective. FFFS is a high performing option if the system suppresses the fire most of the time (e.g.
case H with 95% of fires suppressed compared to case G with 75% of fires suppressed).
The absolute life safety risk due to a tunnel fire is low relative to that of driving generally. All design
options considered result in a fire exposure rate that is at least an order of magnitude less than the
USA fatality rate for driving (i.e. 6.8 deaths per billion vehicle km in 2011 [16]). This doesn’t mean
this absolute risk is acceptable; people exposed to fire in a tunnel have no control over the situation
and so are less tolerant of the risk than regular driving where they feel they have some control.
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Figure 3

Risk assessment results summary using the risk framework of Figure 1

Differing Points of View (Rights) Assessment (Test 3) – Figure 3 (iii)
The paradigms of owner, politician and builder are considered. When all three perspectives are
combined (with equal weighting) the best case is maximum spaced exits and FFFS (case I).
Owner – The best performing case for the owner is 100 m spaced exits (case B). This is driven by the
relatively low maintenance compared with a FFFS.
Politician – FFFS with smoke exhaust (case H) is best because it takes a direct mitigating action with
redundancy so should have the least future problems. Greater exit spacing cases (cases B and C)
perform worst; they defer cost and increase the likelihood of later on having to explain a decision.
Builder – If the only motivation of the builder is to minimize their cost, then the traffic control case is
best (case E). This occurs because it defers large future costs to another party.

480

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Combined (Virtue) Assessment – Figure 3 (iv)
Combining all the above ethical categories it is seen that the FFFS cases perform best, with exits
spaced at 200 m or 300 m giving almost the same result (case F versus case I). Closer exits fall out of
favor due to the deference of future cost (i.e. the political category) and poorer life safety outcomes
(cases B and C). Traffic control (case E) falls out of favor due to the large cost due to loss of revenue.
Assuming equal contribution from each ethical paradigm may not always apply. For example, if
whole of life cost was a significant factor, then closer exits may be a legitimate decision. As
mentioned previously, clarity over decision responsibility is necessary to set priorities. Likewise, the
case study assumes that operation of the FFFS is reliable and that the owner is prepared to initiate
training and maintenance to ensure system performance; that isn’t applicable in every situation.
SENSITIVITY ANALYSIS
Consideration of uncertainty in the inputs and sensitivity is essential for risk analysis [17]. The large
number of inputs makes this a challenging task and ideally a Monte-Carlo type assessment is needed.
This is a topic beyond the scope of this paper. Sensitivity to some of the key inputs was conducted but
is not reported due to spatial limitations. Some of the conclusions drawn from the sensitivities are:
• Despite the variation in parameters, FFFS options still have the most favourable overall score.
• Decreasing the proportion of HGVs makes all design options have a cost-benefit ratio of >10.
The FFFS performance needed to sustain a cost-benefit ratio less than 10 is examined. Case I is
studied here (300 m exits) and Figure 4 shows results. It is found that in order for the cost-benefit
ratio to remain below 10 the FFFS must suppress 25% or more fires and control the remainder. This is
a useful finding when determining benefits and trying to reconcile uncertainty of FFFS performance;
the result here shows that the outcomes don’t rely on perfect FFFS performance every time.
DETERMINING THE BENEFITS OF A FFFS
In the assessment presented there have been safety feature and cost reductions taken into account due
to inclusion of FFFS, as well as the consequences of taking such options. The costs of safety features
are included in Figure 3 and commentary on the potential savings by providing a FFFS are as follows:
• NFPA 502 requires traffic management, smoke exhaust or FFFS when there is a risk of
congestion downstream of a fire. Order of magnitude whole of life cost savings of FFFS
(~$350 M) or smoke exhaust (~$350 M) are significant relative to traffic control (~$725 M).
• FFFS costs are similar to smoke exhaust due to the maintenance cost of FFFS over 100 years.
• FFFS allows exits to be spaced at the greatest range permitted by NFPA 502 (case I, 300 m).
This is a saving in the order of $20 M relative to 200 m exits (case F).
• For cases with a FFFS structural protection measures were not included, assuming that the
FFFS would provide sufficient protection. This generated a saving of around $5 M (assuming
PP fibres and sacrificial concrete cover).
• With a FFFS the probability of the peak design fire reaching 150 MW during a 100 year
period is reduced from 20% to 2%. A reduction in the peak fire size is supported by recent
full scale tests [2]. There could be a case to design the ventilation system for a lower FHRR
(30 MW). Savings may be possible on the longitudinal ventilation system cost of $85 M.
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Figure 4

Effect of the proportion of fires suppressed by the FFFS on the cost-benefit ratio

CONCLUSION
Research into FFFS will continue and as the results become available it will be possible to adjust
analysis such as that presented herein to account for this research. There will always be some residual
uncertainty and multiple viewpoints to consider when making a decision. This work demonstrates a
framework to take advantage of the installation of a FFFS. The important contribution of using a
risk-based method is that system performance can be cast in likelihoods rather than absolutes. The
risk framework presented, informed by engineering ethics, shows how a balanced decision can be
reached for a design that incorporates efficiencies due to the inclusion of a FFFS.
APPENDIX – CASE STUDY ASSESSMENT MAJOR INPUTS AND ASSUMPTIONS
1. TUNNEL DESIGN FEATURES
1.1 Traffic
AADT = 96,000 veh/day through 2 bores with 2 lanes, unidirectional traffic.
Traffic characteristics include: 85% cars, 10% LCV, 5% HGVs.
1.2 Tunnel
TBM construction with an internal diameter of 11.4 m. The exhaust duct is located in
geometry
the tunnel crown for the smoke exhaust cases. A 3% uphill gradient is assumed.
1.3 Upstream Initial velocity 4 m/s. Emergency velocity is 3.5 m/s and is achieved 180 s after the
ventilation
emergency response starts (refer entry 1.5). Jet fans operate in all cases.
1.4 Exhaust
Exhaust rate is 280 m3/s (sufficient to produce a velocity of 3.5 m/s from upstream
ventilation (if and 1 m/s from downstream of the fire). Dampers spaced 100 m apart. Exhaust
included)
system achieves capacity 120 s after being initiated (refer entry 1.5).
1.5
Full time operator with manual fire detection via the CCTV. Normal and delayed
Operations
operator response times are 70 s and 180 s after the start of the incident respectively.
1.6 FFFS
Open head nozzles spaced at 3 m with three rows, 30 m long zone. Water application
rate 10 mm/min over two zones. Water discharges 60 s after the operator response.
1.7 Structure
Protected by 50 mm thick sacrificial concrete lining and PP fibers (1 kg/m3).
2. EVENT TREE INPUTS
2.1 Operator
Good: 95%. Slow: 5%. Affects FFFS operation and ventilation activation timing.
2.2 Fire
Car fires: 5 MW (all fires). LCV fires: 5 MW (85%), 30 MW (15%). HGV fires:
growth rate,
5 MW (86.25%), 30 MW (12.5%), 150 MW (12.5%). Assumed that 5 MW fires
FHRR and
grow at a medium rate, 30 MW fires at a fast rate, and 150 MW at an ultra-fast rate.
frequency
Fire rate based on traffic mix, AADT and PIARC fire data [19]. Estimated fire rates
are: Car fires – 1 / 108 veh km, LCV fires - 1 / 108 veh km, HGV fires 4 / 108 veh km.
Resultant fire rate is approximately 2 fires per year (correct order of magnitude for a
typical urban tunnel).
2.3 Traffic
Congested: 5%. Flowing: 95%. A congestion rate of 5% was assumed which equates
to just over one hour per day. For congested traffic people downstream of the fire can
be exposed to untenable conditions. In flowing traffic it is assumed that people
downstream move out ahead of any smoke. When traffic control is implemented the
proportion of congested traffic decreases to 0.5% and vehicle flow rate and revenue
from tolling decrease by 4.5% (i.e. by the amount of congestion reduction).
3. OTHER MODEL INPUTS
3.1 CFD
A CFD model 750 m long was developed with a grid resolution of 0.5 m. The fire
was located 150 m into the model domain. Extrapolation was used to estimate
consequences of smoke movement beyond the computational domain. Model
parameters were as per FDS defaults [13]. Fire properties were representative of a
polyurethane material (i.e. Hc = 17.8 MJ/kg, Ys = 0.131 g/g, Yco = 0.04 g/g).
3.2 Tenability Criteria as per NFPA 502. Visibility <10 m is the main driver. Occupants exposed to
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low visibility are not counted as exposures if visibility is regained within 300 s. For
occupants exposed to low visibility conditions it is assumed that 90% of the
exposures will result in a fatality, 5% in a major injury and 5% in a minor injury.
3.3 RSET

Parameter

Response Type

Fire distance (m)
Total of detection
and premovement time
(s)

Good
Average
Poor
Impaired
Good
Average
Poor
Impaired

Movement speed
(m/s)

3.4 FFFS
impact

Portion of
Occupants
0.40
0.49
0.10
0.01
0.40
0.49
0.10
0.01

Occupant Group (OG)
OG1
OG2
OG3
± 25
≥ 25, < 105
≥ 105
30
110
110
60
230
230
90
250
250
210
310
310
1.5
1.5
1.5
1.2
1.2
1.2
0.8
0.8
0.8
0.4
0.4
0.4

FFFS impact based on following assumptions and is consistent with literature [1, 2]:
Controls – 90 s after FFFS water discharges the growth rate slows to 0.25 times the
non-suppressed growth rate until the design FHRR is reached.
Suppresses – 90 s after the FFFS water discharges the fire growth rate slows to 0.25
times the non-suppressed growth rate, and after 90 s more it starts to decay at a rate
of 2.5 MW/min.
Fail to control – The FFFS operates and cools the surroundings but there is no
change in the FHRR growth or peak FHRR.

4. COST INPUTS

4.1 Cross
passages
(XPs)
4.2 FFFS
4.3 SE
4.4 Jet fan
4.5 Traffic
4.6 Structure
protection
4.7 Structural
repair

XP spacing cost per passage: 50 m ~$1.6 M, 100 m ~$1.9 M, ≥ 200 m ~$2 M. XPs
assumed to house electrical equipment and this drives the size of the passage
excavation; hence the 50 m and 100 m cross passages are less expensive.
Estimated to cost ~$4.7 M per km in the year 2025.
$10 M per km to construct exhaust duct. ~$85 k per damper. ~$6.8 M per fan plant.
$84,000 per fan with a nominal fan bank spacing of 200 m.
Cars pay a toll of $3, LCVs $5 and HGVs $15.
Polypropylene fibers at $12 per m3 and dosage 1 kg/m3. The overhead duct (if
present) has similar protection and is 9 m wide. Sacrificial lining at $272/m3.
Repair and downtime cost estimates based on previous events [1, 14]:
5 MW: ~$122 k structure damage, half a day lost revenue.
30 MW: ~$734 k structure damage, 2 jet fans and 1 egress door replaced, 4 days lost
revenue.
150 MW: ~$8.6 M structure damage, ~$7.4 M damage to duct, 4 jet fans and 2 egress
doors replaced, 0.1 km of FFFS replaced, 90 days lost revenue. A weighting factor of
0.15 applies to all costs since NFPA 502 requires the structure and equipment to
tolerate heat (i.e. data are based on older tunnel). For FFFS event consequences are
factored in proportion to the peak FHRR and by 0.05 (FFFS provides cooling, limits
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4.8 Exposure
costs

damage).
Informed by UK HSE data [19]. Fatality cost $4.5 M, permanent incapacitating
injury $710 k, serious injury $70 k.
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Evacuation in Underground Rail Transportation Systems:
A Summary of the Findings of the METRO Project
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ABSTRACT
The paper presents the major findings from the three evacuation experiments being part of the
Swedish METRO research project. In the evacuation experiments; the small, medium and full-scale
experiments, investigations were carried out with the purpose to study how train passengers safely can
be evacuated in case of a fire emergency. In addition to determine flow rates, the walking velocity and
walking patterns were determined for in a smokefilled environment and in non-smoke conditions. It
was also concluded that the introduction of a loudspeaker above the emergency exit, which
broadcasted an alternating alarm signal and pre-recorded voice message, was successful.The reader is
referred to the original publications for more details on experimental procedures, research findings
and recommendations for projects.
KEYWORDS: evacuation, human behaviour in fire, flow rate of people, walking speed, movement,
smoke, underground rail transportation systems, metro, train
INTRODUCTION
Due to several reasons, the number of underground rail transportation systems have increased in
recent years. Primarily, the motives are related to environmental concerns (i.e., preserving the
environment above ground), reduction of travel time and travel distance, and increasing efficiency in
terms of traffic flow. The trend during the last 20 years has, furthermore, been to build longer
underground systems than before, which for example can be exemplified with the 50.5 km long
Channel tunnel between France and the UK and the 57 km Gotthard Base Tunnel currently being
constructed in Switzerland. Nothing indicates that the trend is clinging off, and as an example, an
agreement was just recently reached to expand the Stockholm metro in Sweden [1].
Moving the transportation system from above ground to underground certainly has positive effects in
a wide range of fields, but it also introduces a number of questions which need to be considered in the
design process. One of these is related to fire hazards. Past fires have demonstrated the catastrophic
potential of these types of events in underground facilities [2-10], and it is obviously clear that general
safety procedures, such as moving a train on fire to the nearest station [11, 12], not always work as
intended.
The ninth article of the Concention on the Rights of Persons with Disabilities, furthermore, clearly
states that the transportation system (thus, incluing the underground rail transportation system), shall
be designed so that it can be used by anyone [13]. Making the underground transportation system
more accessible during normal operations does, however, bring to the fore another question which
must be emphasized in the design process. Namely, how to ensure a safe evacuation of also people
that are disabled or that in any other way is mobility impaired.
Despite this, the field of human behaviour in fire and evacuation have received little attention in terms
of evacuation in underground transportation systems. Some of the existing theories and models on
human behaviour in fire, often implicitly developed for traditional buildings, can due to similarities
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with, these, be applied also to underground environments [14]. However, underground transportation
systems also introduce additional conditions, which demand special attention and niched research, if
uncertainties in assessments and analyses of life safety in case of fire are to be reduced, and if the
safety of the occupants in case of fire in these facilities are to be improved. For example, people
(almost exclusively passengers) may be forced to evacuate over long distances (in some cases > 500
m) in smoke, the number of persons involved in the evacuation can be expected to be high, and the
environment are most often unkown to the people.
In order to meet with the demand of new knowledge, the multidisciplinary Swedish METRO research
project was initiated in December 2009. The project, which ended in December 2012, studied issues
related to fire and explosion hazards in underground rail transportation systems. The second work
package (WP2) addressed concerns related to the evacuation process in these facilities. With the
purpose to investigate how train passengers safely can be evacuated in case of an emergency,
particular focus was placed on examining way-finding behaviour and testing different way-finding
equipment. The work involved performing literature reviews, questionnaire surveys as well as small,
medium and full scale experiments.
The experiments performed within WP2 of the METRO project gerenerated large amounts of data,
which now can be used to reduce the uncertainty in assessments and analyses of life safety in case of
fire. The data mainly stem from the three evacuation experiments that were carried out within WP2,
some of which have been presented in detail in a number of publications [15-21]. The aim of the
present paper is, however, to present the vital parts of these experiments for practitioners in the field
with the goal to improve future fire safety design processes of underground rail transportation
systems, and to contribute to smarter and more effective design solutions fot the occupants of these
facilities in case of fire. The information given in the present paper has been heaviliy compressed, for
more comprehensive descriptions the reader is referred to the orginal publications [15-21].
EXPERIMENTS
Three evacuation experiments were performed in WP2 of the METRO project. Somewhat misleding,
they were termed small, medium and full scale experiments. The terminology does not corresponds to
the extent of each experiment, but is still used in the present paper for comparative reasons. In Table 1
a brief description is given of each experiment. A more detailed account is given below.
Table 1. Three evacuation experiments were performed within WP2 of the METRO project.
Experiment
Small scale

Medium scale
Full scale

Focus
Laboratory experiment in which the effects of different train exit
configurations on the flow rate of people through the exit was
examined for a tunnel environment. The experiment also involved
an interview study with disabled people and senior citizens.
Field experiment in a smoke-filled tunnel in which the
effectiveness of different way-finding installations and walking
speed in smoke were studied.
Field experiment in the Stockholm metro in which the the
effectiveness of one particular way-finding installation and walking
speed in smoke free conditions were studied.

Small scale evacuation experiment
The small scale evacuation experiment can be divided into two parts: (1) the first involving flow rate
measurements of people through a train exit down to track level, and (2) the second involving
interviews with disabled people and interview citizens. The first part was performed as an exploratory
study to investigate how different train exit configurations affect the evacuation efficiency in a tunnel,
and in particular to examine if any of the variables: (a) floor material inside the tunnel; (b) train exit
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height; (c) presence of an emergency ladder in the train exit; (d) lighting conditions inside the tunnel;
and (e) presence of extra handles in the train lobby, would influence the flow rate of people through a
train exit. Due to ethical reasons (mainly the increased risk of injury), disabled people and senior
citizens were excluded from these experiments and instead included in the second part of the
experiment, which aimed to identify difficulties that senior citizens and people with disabilities may
encounter during an evacuation of a train into a tunnel. This part was conducted as an interview study.
Both parts of the experiment were performed in a model of a Swedish X1 train, illustrated in Figure 1
and Figure 2. The model was constructed using aluminium profiles, which made it possible to connect
a tunnel with a width of .85 m to the train. The profiles were then covered with particleboard and
painted in realistic colours. In addition, train interior collected from a real X1 train (mainly seats, hat
racks and handles) were installed on top of the particleboard to resemble a real train, see Figure 3.

Figure 1. A sketch of model (seen from above).

Figure 2 A cross section sketch of the model.

Figure 3. The aluminium profiles used to build the
model was covered with particleboard, on which
real train interior was installed.

The first part of the experiment (the flow rate measurements) was carried out on two separate days,
including a total of 84 participants (35 women and 49 men) in the ages 18-40 years (mean age 22.9
years). During the first day, 46 participants took part in a total of 9 different experimental scenarios
(all 46 students took part in all 9 scenarios). On the second day, another 9 scenarios were studied in
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which the other 38 participants took part. For detailed information of how the parameters a-e
mentioned above were varied, see the original publication [21]. Before each scenario, the participants
were divided into three groups; groups A-C. Groups A and B included approximately 15-20
participants, and group C approximately 5 participants. Participants in groups A and B were before
each scenario led onto the train from each side (see Figure 2), and instructed to evacuate through the
train exit and then repeat the process as long as the scenario was running (approximately 5 min).
Participants in group C were instructed to simply walk through the tunnel, and repeat the process as
long as the scenario was running (this created a flow rate through the tunnel entrance of 0.26 persons
per second, std. 0.05). The quantity of participants made it possible to always maintain a queue to the
train exit during the whole period of 5 min. Each scenario was documented using video cameras and
later analysed.
The second part of the experiment was carried out on four separate days, and included a total of 19
participants (both disabled people and senior citizens). The participants, who were in the ages
between 52-79 years (mean 67 years), were selected one by one to take part in the interview study,
which was performed in the train lobby inside the train model. During the semi-structured interview,
they were asked questions about their ability to exit the train, given a number of main factors (a
selection of the factors also studied in the first part of the experiment): (1) train exit height; (2)
presence of an emergency ladder in the train exit; and (3) presence of extra handles in the train lobby.
Apart from these factors, they were also asked about general improvements that would aid them in an
evacuation situation. Each interview was documented with a dictaphone, transcribed to text, and
analysed using a colour scheme for categorizing different sections and topcis. For more information
about the procedure, see the original publication [15].
Medium scale evacuation experiment
The medium scale evacuation was performed in an old construction tunnel of approximately 200 m
length, which previously was used during the construction of the Southern Link road tunnel in
Stockholm (Södra Länken). The purpose of the experiment was to collect data on human behaviour
and walking speeds in a smoke filled rail tunnel, and to study the effectiveness of different technical
installations, systems and designs, in particular at an emergency exit which had been installed 160 m
into the tunnel (from the starting position). A sketch of the tunnel used in the experiment is given in
Figure 4. In the experiment, the participants moved from the Startin position and to the right in the
Figure, i.e., towards the EXIT. The experiment ended either when the participants found and used the
emergency exit, or when they reached the end of the tunnel.

Figure 4. The tunnel used in the medium scale evacuation experiment can roughly be divided into
three parts; (a) one part of 122 m with 10% inclination; (b) one part of 76 m with no inclination; and
(c) one part of 32 m with a macadam base material of size 32-64 mm, 1.5 m wide.
The experiment involved a total of 100 participants (44 women and 56 men) in the ages between 18
and 66 years (mean 29.4 years), who all performed the evacuation individually. In order to meet with
the purpose of the experiment, the tunnel was filled with artificial smoke and acetic acid during the
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experiments. Measured over all evacuations, the extinction coefficient corresponded to 2.22 m-1, with
a std. of 0.55 m-1. This corresponds to a mean visibility of approximately 0.9 m for reflecting signs,
and 3.4 m for light-emitting signs.
By combining different emergency exit configurations, a total of five different experimental scenarios
were examined. In addition, the starting position (i.e., the left or the right side of the tunnel) of each
participant was also varied so that approximately half of the participants started on the same side as
the emergency exit, and the other half on the opposite side. For more details on the different scenarios
and the experimental procedure, see the original publications [18, 20].
Full scale evacuation experiment
The full scale evacuation experiment was performed in the Stockholm metro. It involved all of the
parts, which previously had been included in the small and medium scale evacuation experiment (i.e.,
evacuation of a train into a tunnel, evacuation inside a tunnel and exit choice inside a tunnel). The
purpose was to validate the findings in the previous experiments, and to study the group interactions
in an evacuation in a real metro system. The whole evacuation was documented using multiple video
cameras both inside the train and the tunnel.
A total of 137 participants took part in the experiment, more specifically 69 men and 68 women in the
ages between 19 to 76 years (mean 38 years, std. 14 years). Initially, they entered a real metro train (a
Bombardier C20 train) as passengers, and then travelled for some time in the metro system. The trip
was similar to a traditional trip in the Stockholm metro, and included stops at five different metro
stations before the train arrived to the experiment location located between the Rinkeby and Tensta
metro stations (driving direction is towards Tensta), see Figure 5. Note that all pariticpants had been
gathered in one of the two available rail cars, marked X in Figure 5.

Figure 5. The full scale experiment was performed inside the Stockholm metro system, between
Rinkeby and Tensta metro stations, using a metro train with driving direction towards Tensta. All
participants evacuated towards Rinkeby, approximately 500 from the position where the train had
stopped. After 300 m an emergency exit was available on the right side, which had been equipped
with a loudspeaker which broadcasted an alternating alarm signal and pre-recorded voice message.
As the train had arrived to the experimental location, the participants were informed by the train
driver that the train had come to a stop due to a technical error. Approximately 10 min later, artificial
smoke was produced in the tunnel at the position marked “Fire” in Figure 5. The purpose was not to
fill the whole tunnel with smoke, but to obstruct the way leading towards Tensta. The participants,
who were still inside the train and could not see where the smoke was coming from, were then
informed by the train driver that a fire had erupted in the front and that they should evacuate towards
Rinkeby and away from the smoke.
Three train exits were used during the evacuation of the train into the tunnel (the three closest to
Rinkeby). No assistance was available to the participants, instead they had to find a way to help each
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other to get out of the train. While inside the tunnel, evacuation took place in a smoke free
environment with only emergency lighting available, approximately corresponding to 10-30 lux. The
participants were free to walk wherever they liked, i.e., on the tracks or besides the tracks. However,
independent of their position in the tunnel, they walked on a coarse macadam material commonly
used as ground material in railways (both inside at outside tunnels).
RESULTS AND DISCUSSION
Below, the main findings of each experiment are reported in a heavily condensed and summarized
form. For more details on each experiment, the reader is referred to the original publications [15-21].
Also note that as the full scale experiment was performed shortly before the submission of this paper,
a thorough analysis of the experiment has not yet been performed. The corresponding results should
therefore be considered as preliminary, and must if used be treated accordingly.
Small scale evacuation experiment
The first part of the small scale evacuation experiment [21] revealed that the average flow rate
capacity of the train exit was approximately 0.3 p/s m door width (considering all scenarios). A
multiple regression analysis furthermore demonstrated that four variables significantly affected the
flow rate of people:
1. By reducing the train exit height, the flow rate of people increased
2. By changing the tunnel floor material from concreate to macadam, the flow rate of people
increased
3. By having an emergency ladder present in the train exit, the flow rate of people decreased
4. By switching all the lighting off in the train and inside the tunnel, the flow rate of people
decreased
It should, however, be noted that the effect of these variables were small, increasing/decreasing the
average flow rate of people with only 1-2 persons/minute and meter door width. Thus, the main
benefit of, for example, reducing the train exit height, is probably not the increased flow rate of
people but rather the increased ability for disabled people and senior citizens to on their own exit the
train in an emergency situation in which a train has come to a stop inside a tunnel.
The observed average flow rate of people for the whole experiment (0.3 p/s m door width) is higher
than in previous, similar studies. This could be explained by the fact that mainly students and young
people took part in the experiment, and furthermore, they wore no luggage, jackets, etc. Another
possible explanation is that the train door used in the experiment was relatively wide (1.7 m), and the
width was never varied between the scenarios.
One of the most important findings of the experiment was a differential behaviour that arose among
the participants trying to evacuate the train. The finding suggest that the population density inside the
tunnel (outside a train exit) to a great extent will control the flow rate of people in the train exit, and
reduce it as the population in the tunnel increases. The participants in the train simply waited until
there was enough space for them in the tunnel to get out.
The second part of the small scale evacuation experiment [15] demonstrated some of the problems
that senior citizens and people with disabilities may encounter during an evacuation of a train inside a
tunnel. From the study, it is celar that this group of people require a smaller heigh difference than 1.4
m between the train and tunnel floor if they are to able to evacuate a train on their own. An alternative
could instead be to install an emergency ladder, however, as seen in the first part of the small scale
evacuation experiment, this can be expected to reduce the overall flow rate of people in the train.
Some also argued that more handles in the train, especially around the train exit, would increase their
ability to evacuate the train independently and without the assistance of others.
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Platforms running along the train inside underground rail tunnels are typically uncommon in most
underground rail transportation systems. Such an installation could, however, be beneficial in many
aspects. First of all, it is likely that the reduced height difference between the train and the tunnel floor
would increase the flow rate of people, and furthermore, enable senior citizens and people with
disabilities to evacuate a train more independently and without a ladder which has been shown to
reduce the average flow rate of people. In addition, such an installation can also be expected to
increase the walking speeds when inside the tunnel and walking towards the exit, as it offers a
dedicated platform for walking, which is smooth and easy to walk on. The question of having or not
having a platform is often discussed in the fire safety design process of underground rail
transportation systems, but unfortunately, sometimes not included in the final design. It is, among
other things, hypothesized that the raised platform reduces the evacuees’ distance to the potential
smoke layer, thus reducing the ASET significantly. Dahlstrand [22] has, however, just recently
rejected this hypothesis in her master’s thesis, and also been able to demonstrate a large cut in the
overall costs of a tunnel when installing the platform. This is due to the ability to reduce the tunnel
diameter when the platform is installed. It is recommended that this finding is explored in future
underground rail transportation system projects as it may not only reduce costs, but at the same time
improve conditions for evacuees in case of fire.
Medium scale evacuation experiment
The findings of the medium scale
evacation experiment revealed a large
scatter in individual walking speeds for
the given extinction coefficient, which
varied between approximately 1-3 m-1 in
the experiment [18, 20]. The walking
speeds varied between 0.42-1.82 m/s,
with a mean value of approximately 0.9
m/s. Neither age, height, gender or
previous experience of walking on rail
tracks seem to have affected the walking
speed in any direction.
Both walking posture and hand
positioning was tracked during the
experiment, and the percentages of the
total distance walked by all participants in
the experiment is presented in Table 2.

Figure 6. The mean walking speed of each participant
described as a function of the extinction coefficient reveal
no obvious trend when plotted against the extinction
coefficient.

Walking
posture

Table 2. The most popular walking posture seem to have been a normal posture, however, a relatively
large percentage of the total distance walked was walked with either hands in front of the body or on
one of the tunnel walls.
Normal

Hand position
In front of body

On wall

Sum

Normal

38.0%

25.7%

18.2%

81.9%

Curved

2.7%

2.9%

12.5%

18.1%

Sum

40.7%

28.6%

30.7%

100%

In terms of technical installations and exit choice, the introduction of a loudspeaker above the
emergency exit, which broadcasted an alternating alarm signal and pre-recorded voice message, was
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successful. The installation attracted 100% of the participants in that scenario, independent of whether
they were walking on the same or opposite side as the emergency exit (which was installed on the left
side of the tunnel, see Figure 4. The design is therefore recommended. Compared to the traditional
emergency sign (green sign with a white running man), the introduction of different types of lights
(both continuous and flashing) also increased the perceptibility of the exit, but were, however, in
some cases mistaken for traffic signals, rail switches and in some cases even a train. This made some
of the participants decide no to walk to the exit, but to continue down the tunnel; a decision that in a
real situation may have costed them their life.
The experiment also demonstrated the
importance of light sources during an
evacuation in a dark and smoke filled
rail tunnel, for a number of reasons.
First of all, the lights available in the
information illuminated information on
exit signs, see for example Figure 7. But
the light sources also gave the
participants points for them to orientate
after, a light beacon, in the otherwise
very dark environment. For this reason,
the findings of the experiment suggest
that light sources may increase walking
speeds in real fires.
As a great majority of the participants
followed one of the tunnel walls during
their evacuation, it is argued that
handrails should be installed in real
tunnels to provide people with aid and
guidance on where to walk. Based on
the experiment, it is hypothesized that
this type of installation may increase
walking speeds.

Figure 7. Light sources in a dark and smoke filled rail
tunnel are extremely important during an evacuation for a
number of reasons. The above picture shows one of the
signs installed every eighth meter in the tunnel of the
medium scale evacuation experiment (on both sides of the
tunnel).

Full scale evacuation experiment
As stated above, the full scale evacuation experiment was performed shortly before the submission of
this paper, and consequently the results should be considered as preliminary and if used be treated
accordingly. In particular, measurements of the flow rate of people in the train exits, individual
walking speeds and exit choice is presented below.
In terms of the flow rate of people, the preliminary findings are presented in Figure 8. The numbers
are presented in the unit p/s, but as the doors were 1.4 m wide, the numbers given in Figure 8 can be
divided by 1.4 in order to be represented as p/s m door width. By doing so, it is noted that the values
are significantly lower than in the small scale evacuation experiment. It should be noted that queues
arose around all three doors as the evacuation was initiated, but subsequently diminished; at Door 1
after approximately 140 s, and at Doors 2 and 3 after approximately 250 s.
The walking speeds were measured in two parts of the tunnel, the first part from the train front and 81
m towards Rinkeby station, and the second part the succeeding 102 m. The average of all individual
walking speeds in these two parts are presented in Table 3 together with the standard devation. As can
be seen, the results indicate that the walking speed was lower in the second part than in the first part
of the evacuation. When the participants’ individual walking speeds in each part of the tunnel are
compared in a paired samples t-test, this indication is statistically confirmed (α < 0.05). It is
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hypothesized that the reduction in walking speed is due to fatigue.

Flow rate of people [p/s]

Door 1

Door 2

Door 3

Train front

0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00

Time [s]
Figure 8. The flow rate of people varied between the doors in the full scale evacuation experiment.
Door 1 representes the door closest to Rinkeby, Door 2 the second closest and Door 3 the third
closest (i.e., Door 3 was farthest away from Rinkeby). Train front represents the flow rate of people in
the tunnel at the train front, i.e., between the tunnel wall and the train.
Table 3. The average walking speed for all individuals in the full scale evacuation experiment was
higher than in the medium scale evacuation experiment, but it should then be remembered that no
smoke was present in the full scale evacuation experiment.
Average walking speed [m/s]
Standard deviation [m/s]

Part I
1.19
0.16

Part II
1.11
0.11

In terms of exit choice, all 137 participants found and used the emergency exit. This confirms the
findings of the medium scale evacuation experiment, i.e., that the loudspeaker installation works
particularly well in underground rail transportation systems.
CONCLUSIONS
The Swedish METRO research project was initiated in December 2009 and ended three years later, in
December 2012. The focus was fire and explosion hazards in underground rail transportation systems,
and the second work package of the project focused on evacuation of these facilities. In three
evacuation experiments; the small, medium and full scale experiments, investigations were carried out
with the purpose to study how train passengers safely can be evacuated in case of a fire emergency.
Among other things, the findings include information on flow rates in train exits when evacuation is
necessary inside a tunnel, and with which speed people travel in tunnels, both when subject to smoke
and in non-smoke conditions. In this paper, a heavily condensed and summarized version of the
findings have been presented, and the reader is therefore referred to the original publications for more
details on experimental procedures, research findings and recommendations for projects.
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Tunnel fire safety – can suppression and evacuation be in
conflict?
Peter Johnson and Chris Gildersleeve
Arup, Melbourne, Australia

ABSTRACT
Internationally, we have seen a number of tragic road tunnel fires, with considerable loss of life and
damage to infrastructure. These road tunnel fires have motivated tunnel designers, operators and
safety authorities to look at ways of improving safety. Adding fire suppression to road tunnels has
become one potential solution.
One major issue for some people is the potential for water based suppression systems, if operated
while evacuation is still occurring, to de-stratify the smoke layer in the vicinity of the fire, which may
reduce visibility during evacuation. The role of smoke control systems is also a related concern.
To examine this issue, a range of research evidence has been reviewed and summarized. Experience
in Australia based on reports of real fire incidents involving suppression systems in road tunnels has
also been examined.
This paper shows that for a modern designed tunnel with water based suppression, longitudinal
ventilation and sound traffic management, actuation of suppression during evacuation should be the
preferred mode of operation. This is supported by a risk-informed, performance based approach,
which is consistent with the modern fire engineering approach to road tunnel design and safety
analysis.
KEYWORDS: road tunnels, fire suppression, smoke control, evacuation, risk
INTRODUCTION
Internationally in the past 10-15 years, we have seen some tragic road tunnel fires, with considerable
loss of life and damage to infrastructure. These incidents include the Mont Blanc Tunnel and Gotthard
Tunnel fires in Europe as well as the more recent Burnley Tunnel fire and the Newhall Pass Interstate
5 tunnel fire in the US.
These and other road tunnel fires have motivated tunnel designers, operators and safety authorities to
look at ways of improving safety, and adding fire suppression to tunnels has become one potential
solution.
In Australia and Japan, fixed fire fighting systems (FFFS), based on a zoned and open head deluge
approach, has been an integral part of the design of all major urban road tunnels over the past 15-20
years. However, in parts of Europe and North America, there has been a general reluctance to install
such systems, in part because of some perceived safety concerns with suppression, and in part because
of the costs for installation and maintenance.
The safety concerns associated with steam generation, the chance of explosions with flammable
liquids and other factors identified by PIARC [1], and summarized by Wu and Carvel [2], have
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essentially been resolved by research and better understanding of the fire phenomenon and
suppression action.
This has led to a change in attitude in PIARC documents [1] and NFPA 502 [3], where today,
consideration of suppression systems as part of an integrated design solution for major road tunnels is
encouraged.
One significant issue remains, however, in the minds of some tunnel designers and safety authorities.
That issue is the potential for water based suppression systems, if operated while evacuation is still
occurring, to de-stratify the smoke layer in the vicinity of the fire, and potentially reduce visibility to
the extent that people evacuating might not be able to find an exit and end up as casualties.
This paper looks at some of the research and real fire incident evidence to address this suppression
and evacuation issue. A risk-informed, performance based approach is adopted, which is consistent
with the modern global approach to road tunnel design and safety analysis.
MAJOR FIRE INCIDENTS
Carvel and Marlair [4] have provided a record of all the major tunnel fire incidents, both road and rail,
which have occurred over the past 150 years. Many of the major incidents have been characterized by:
• Loss of life of vehicle occupants
• Death and injuries to emergency services personnel
• Damage to tunnel linings, finished and equipment
• Significant interruption to tunnel operations
The result has been that these tunnels have required extensive repairs at major cost, in some cases
running into the hundreds of millions of euros. The periods to complete the reinstatement and system
testing have also run into many months for some damaged tunnels, with loss of toll revenue up to
hundreds of millions of Euros. [5]
One major fire event which is different to the many other uncontrolled fires was the Burnley Tunnel
fire in Melbourne, Australia, where despite the potential for 200-300MW fire resulting from a
multiple HGV collision and fire, the deluge suppression system controlled the fire with minimal
damage, and the tunnel re-opened within 4 days [6]. There is also evidence of suppression
effectiveness for fires in NSW [7].
The evidence appears to be that FFFS in road tunnels can be very effective, as one part of an
integrated fire safety strategy, in controlling fires, minimizing loss of life and damage, and reducing
the potential for operational interruption.
TYPES OF FIRE SUPPRESSION
There is a range of methods of delivery of water based suppression systems in road tunnels, which
includes sprinkler systems, based on closed (wet) heads, open head deluge systems (usually zoned),
water mist systems and foam systems. Wu and Carvel [2] provide more details on the different
options for road tunnel suppression systems.
In Japan and Australia, most suppression systems in major urban road tunnels are based on zoned,
deluge systems, of low pressure, and typically operated manually from an operations control room.
While such systems have had considerable success in controlling road tunnel fires, there has been
little fundamental research to demonstrate exactly how and why these systems work.
In Europe, major research has concentrated on water mist systems, such as the UPTUN [8] and
SOLIT [9] research programs, which have provided a basis for design and installation. As a result,
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there is growing interest in Europe in installation of water mist systems and a number of systems
currently installed or proposed.
PERFORMANCE BENEFITS OF SUPPRESSION SYSTEMS
The exact nature and benefits of suppression systems vary with each system type. However, in
general, the mechanisms by which water based suppression systems interact with the fire and help to
control it include:
• Heat extraction, reducing smoke temperatures
• Displacement of oxygen, as water evaporates, diluting oxygen concentrations and diluting
fuel vapour concentrations
• Attenuation of radiant heat flux
• Scrubbing out particulates from the smoke
• Water penetration through the plume, and wetting unburned combustibles
These mechanisms of water based suppression have the following potential benefits:
• Reduction in the fire size and heat release rate
• Controlling smoke quantities and reducing smoke temperatures
• Reduction of toxicity and particulate levels
• Reduction of radiation levels in the vicinity of the fire
These benefits in turn can:
• Improve the life safety of tunnels occupants (although some may argue this fact)
• Prevent or minimize the chances of fire spread from vehicle to vehicle
• Protect the tunnel lining, finishes and equipment from excessive heat
• Limit the fire size required for design of emergency smoke ventilation
• Aid fire service and other emergency services personnel in their rescue and fire fighting
functions
• Reduce damage, rehabilitation time, and interruption to tunnel operations
One issue that remains, in some people’s minds at least, is do such suppression systems de-stratify the
smoke, bring high concentrations of smoke to low levels downstream of the fire, and hinder
evacuation? On that basis, should such suppression systems not be provided in road tunnels, or only
operated after evacuation is complete? Or can suppression systems only be combined with fully
transverse ventilation systems and not with longitudinal or semi-transverse emergency ventilation
systems?
In order the answer these questions, we need to see the issues of safety and protection in road tunnels,
and the part that suppression systems might play, in a holistic, risk-informed and performance based
framework, and from a totally integrated approach to design.
TUNNEL FIRE SCENARIOS
Road tunnels differ widely in a whole range of design elements, including:
• Length of tunnel and whether uni-directional or bi-directional
• Number of traffic lanes and emergency lanes
• Existence of intersections, merges and diverges and large caverns
• Types and numbers of vehicles
• Likelihood of congestion or stopped traffic
• Distance between exits
• Form of normal and emergency ventilation
• Response time and capability of the responding fire brigade
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These and other factors help make decisions as whether to include a suppression system, and what
type of system, as part of a complex engineering tunnel design process. It makes any decision on
interaction between suppression and safe evacuation of tunnel occupants equally complex.
However, one way to tackle this problem is to take a tunnel arrangement that is typical of many
situations, and propose some scenarios that should be investigated in normal performance based fire
safety tunnel design.
Let us assume a simple pair of parallel, uni-directional tunnels, with a zoned deluge suppression
system, a jet fan based longitudinal emergency ventilation system, CCTV/AID, system activation
from a fully manned control room, and simple cross passages with exits at 100-200m separation. Let
us look at two potential scenarios.
Scenario1
A vehicle fire could start as a result of overheating engine or brakes, or a collision. The vehicles
“forward” of the incident are most likely to keep moving ahead and out of the tunnel. The vehicles
“behind” the incident are likely to stop, unless the incident is quite small and they try to “squeeze”
past and continue out of the tunnel. The smoke from the fire initially is likely to move “forward” or
downstream due to the piston effect from the traffic in the tunnel. The control room, alerted to the
incident, will activate the jet fan system and assist the movement of smoke downstream.
People in vehicles ahead of the fire will be able to keep ahead of any smoke flowing “forward” or
downstream, unless traffic is very highly congested (which will be examined in Scenario 2). People
“behind” or upstream of the smoke should be in clear air, if the longitudinal system has been actuated
correctly to provide a critical velocity and prevent back-layering.
If the fire is of a size which warrants activation of the deluge suppression system, it should start to be
controlled once the suppression system is operating, and will assist the fire brigade to extinguish the
fire upon arrival at the incident scene. In this case of activation of the suppression system, which in
Australian tunnels typically occurs within 1-2 minutes of fire detection, there is no deleterious impact
on the tunnel occupants, either upstream or downstream in terms of smoke temperature, visibility or
toxicity. Fire fighters can also enter the tunnel on the upstream side in clear air and commence fire
fighting operations.
Scenario 2
A second more complex scenario is one based on the same tunnel arrangements, but where traffic
speeds are very low and tunnel occupants may find themselves in front or downstream of a fire
situation. Alternatively, traffic may be stopped due to a collision, and further back up the tunnel, a fire
occurs, perhaps as a result of another collision. This so-called “double-incident” is one often used to
suggest that a longitudinal smoke ventilation system should not be part of a design solution, or could
be a situation where activation of a suppression system might significantly impact on occupants
moving downstream ahead of the fire.
In this case, occupants evacuating upstream or “behind” the fire should be in clear air. If the traffic is
stopped or at very low speed, people may elect to leave their vehicles, and not be able to get upstream
past the fire. They would then have to move downstream towards an exit in smoky conditions, with
potentially lower visibility, and increasing temperature and toxicity. Whether there are significant
casualties will depend upon the distance to exits, size of fire, rate of smoke development and airflow
rates.
In respect of Scenario 2, and whether this scenario represents a significant risk or the need for a
change to a design, rests on a number of important considerations.
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Congested or stopped traffic
The first issue is the likelihood of congested or stopped traffic. This has been addressed in a report
prepared for the NSW Road & Traffic Authority in Australia [7].
Traffic flows at 10km/hr (3 m/s) corresponds to a typical critical velocity for prevention of smoke
back-layering, and so unless the traffic is actually in the stopped traffic condition, the speed of
vehicles will carry them ahead of any smoke flow, even if driven by a longitudinal ventilation system
in emergency mode.
Also if there is very slow or stopped traffic, the likelihood of a high speed collision leading to rapid
fire development is effectively eliminated, at least in simple, parallel tunnels without major
intersections.
In Australia, control room staff will typically monitor traffic flow rates and congestion, and if slowing
traffic looks likely, they will manage traffic flows by closing lanes to ensure speeds stay above
20km/hr.
Effect of Emergency Ventilation
The next issue is the impact should emergency ventilation be activated quickly, and whether this will
disturb the smoke layer, causing it to de-stratify. Certainly it is known that higher airflows will
ventilate the fire and increase the heat release rate, which is undesirable. Therefore, it is typical to
throttle back higher airflows which might be being used to control normal vehicle emissions to no
more than the critical velocity in the event of a fire.
.
With no vehicles in the tunnels, smoke will tend to stratify and the smoke layer will remain closer to
the roof of the tunnel. This is what is observed in fire tests if longitudinal airflows are maintained
below 2 m/s, as can occur when ventilation fans are just starting up. However, with many vehicles in
the tunnel, and depending upon the “roughness” of the tunnel construction, smoke stratification may
not persist for longer distances down the tunnel.
Similarly with the operation of a water based suppression system during a fire event, there will be
some localized disruption to the smoke layer in the vicinity of the fire and the area subject to water
spray. Again this may impact on occupants in the suppression zone immediately downstream of a fire
if they cannot get quickly to an exit. On the other hand, away from the vicinity of the fire, if the
smoke temperature remains at 80-1000C, typical of sprinkler systems, then there is some potential for
re-attachment of the smoke layer to the roof of the tunnel, and smoke conditions closer to the tunnel
roadway will be improved as re-stratification occurs.[10]
Another way of looking at this problem is, if suppression is activated and in this very low probability
scenario of stopped traffic or a “double incident” where occupants are downstream of the fire, the fire
heat release rate will be reducing, and smoke will be lower in temperature and toxicity than if no
suppression was available or activated. This has to be a better situation than an escalating fire,
potentially spreading from vehicle to vehicle, with rapidly increasing smoke temperatures and toxicity
as occupants make their way to an exit.
Probability of Scenario 2
If there is no impact of a suppression system on the likelihood of inadvertent casualties in Scenario 1,
and in fact only benefits for tunnel occupants and tunnel operators, then the question is, what is the
likelihood of Scenario 2 or “double incident” , which is often raised by approval authorities??
Australian data in NSW [7] suggests that “stopped” traffic with speeds less than 10 km/hr occurs less
than 0.1% of the time during tunnel operations. In NSW, a total of more than 21 fires have occurred in
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8 major urban tunnels, operating over a combined total of 72 tunnel years. Only 3 of these fires have
been of sufficient size to warrant operation of the deluge system, and it appears none of these have
involved a double incident. This NSW data suggests the probability of a “double incident” for a
typical 5km urban road tunnel carrying 100,000 vehicles/day is once every 500-1000 years.
In a separate analysis for a major European tunnel [5] but with lower traffic volumes, the return
period for a “double incident” was estimated at 17,000 years, a greater return period than for the
massive flooding of a large part of Holland due to storm surge which was estimated at 10,000 years.
In a major 2011 US study by the Transportation Research Board entitled “Design Fires in Road
Tunnels” [11] recognises this “double incident” scenario, but states that this scenario can be reduced
by automatic detection and a traffic control system. In this most comprehensive report, there is not
one of these “double incidents” which appears to have actually occurred which led to a fire or a
resultant fatality or injury.
It suggests that the risk of a “double incident” leading to a fire leaving people exposed downstream of
the fire, while a credible scenario, is extremely low.
The conclusion is that the likelihood of adverse outcomes for tunnel occupants as a result of the
operation of a suppression system leading to occupants being caught by low level smoke downstream
of the fire are grossly outweighed by the potential benefits which come from a suppression system for
all parties involved.
.
SUPPRESSION SYSTEMS IN FIRE INCIDENTS
Burnley Tunnel Fire
Dix [12] has given a number of accounts of the major fire event in this urban tunnel in Melbourne,
Australia in 2007. This fire was initiated by a high speed collision involving a number of cars and
heavy good vehicles (HGVs) which had the potential to become a 100-200 MW event. Early action by
the control room operators saw the deluge system actuated as well as the emergency ventilation which
is a form of semi-transverse system based on jet fans and an exhaust duct common in Australia.
Vehicles “ahead’ of the fire drove out of the tunnel to safety, but following vehicles “behind” the fire
were forced to stop. Despite the potential for the smoke to flow back up the tunnel slope towards the
entry portal, the emergency ventilation achieved critical velocity quickly and prevented back-layering.
This allowed tunnel occupants to walk back up the slope away from the fire to cross passages or the
portal.
The fire was controlled by the deluge system, prevented significant damage to the tunnel lining and
equipment, and enabled the emergency services to get close to the incident and extinguish the fire. All
tunnel occupants remained safe, apart from three people in vehicles directly and intimately involved
in the collision and fire that perished. There were no adverse impacts on the tunnel occupants or fire
fighters.
M5 East Fire
A truck fire occurred in the westbound M5 East freeway tunnel in Sydney on 3 August 2012. [13] The
truck was carrying mattresses and the fire involved these mattresses as well as the driver cab and
engine bay. The tunnel operators observed the truck stopping via CCTV and the AID systems, and
activated the deluge system within two minutes of detection of the fire.
Vehicles “ahead” of the fire kept driving to safety out of the tunnel, but those following and “behind”
the incident stopped and remained in their vehicles. No evacuation was ordered, but the traffic speed
in the non-incident eastbound tunnel was reduced to 40 km/hr and messaging warned motorists to
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watch for persons entering from the incident tunnel. The longitudinal system prevented back-layering
and there were no deaths or injuries.
The fire brigade attended via the parallel eastbound tunnel and extinguished the fire within 40
minutes. There was some minor damage to heat detection cables, some distortion of reflective wall
panels and frames, and some damage to a jet fan directly above the fire (which is always part of the
design approach). There was no impact of the suppression system on vehicle occupants or fire
fighters. The incident westbound tunnel re-opened to traffic at 40km/hr after 2 hours, and was back to
the normal 80 km/hr within 3.5 hours.
EXPERIMENTAL TEST PROGRAMS
A number of major fire test programs have been conducted into the performance of tunnel suppression
systems, most of those related to water mist suppression systems. However, only a limited number of
these program reports have any useful data in relation to tenability of smoke conditions close to a fire
or well downstream of a fire that may affect persons as a result of exposure in a “double incident”.
Nevertheless, the test programs are worth examining as there is some contrary evidence which needs
to be understood for this relatively rare scenario where tunnel occupants may be caught downstream
of a large fire. More detail on these test programs can be found in the Handbook on Tunnel Fire
Safety [14] or the US Transportation Research Board report [11], with the following programs of
major interest:
• Futatsugoya Tunnel, Japan, 1969 - rapid reduction in smoke temperatures due to deluge
• New Tomei Expressway, Japan, 2001 – deluge suppressed fires up to 23 MW, with visibility
reported to have dropped to 10m.
• Second Benelux Tunnel Tests, Holland, 2002 – deluge system with longitudinal ventilation
reduced some temperatures to safe levels upstream and downstream of the fires, reducing fire
spread between vehicles.
• IF Assurance Tunnel, Norway, 2002-2004 – For a water mist system and longitudinal
airflows up to 3 m/s, pool fires, and to a lesser extent, wood pallet fires were suppressed,
although visibility was reduced down to 1m.
• Runehamar Tunnel, Norway 2001 – These water mist tests suppressed fires and showed
tenability was regained within a few minutes of activation of the water mist system. Further
tests in this Runehamar tunnel in 2007 and 2008 were conducted on fires with a potential up
to 200 MW. Again smoke temperatures downwind of the fire were reduced, but CO levels
were high.
INVESTIGATION FINDINGS
Based on the investigations and review of the literature undertaken for this paper,
suppression systems in road tunnels appear to have a number of advantages that, in general, greatly
outweigh any potential downsides of its application.
Australian and US data [7] [11] show that most major road tunnels have no more than 1 or 2 fires per
year, and most of the fires are minor. They generally involve cars and vans, and not HGVs. In some
countries like Australia, tankers and other vehicles carrying dangerous goods are excluded from major
urban road tunnels, reducing the risk still further.
The data shows that the risk to life in road tunnels is significantly lower than on equivalent lengths of
open roads. The total number of individuals killed in road tunnels worldwide is less than 200, and
only 20 tunnels worldwide have suffered major structural damage.
Suppression systems, particularly deluge systems, offer considerable benefits in terms of prevention
of fire spread, reduced radiation levels, reduced smoke temperatures and toxicity, protection of tunnel
linings and equipment, improved conditions for fire fighting and reduced operational interruption.
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Arguably they also enhance life safety through reduction in untenable conditions should any
evacuating vehicle occupants and fire fighters be potentially exposed to life threatening conditions.
The review of fire incidents in actual road tunnels, like the Burnley Tunnel fire, show that in the vast
majority of fire scenarios, vehicles “ahead” of the fire can continue to travel out of the tunnel. If
suppression and longitudinal ventilation are actuated quickly from a control room, occupants in
vehicles can move “upstream” and away from the fire in safety. The use of radio re-broadcast,
variable message signs (VMS), tunnel signage, well marked exits and other measures help to ensure a
high likelihood of successful evacuation behaviour, again which happened in the Burnley tunnel fire.
While the scenario of a “double incident” is credible and should be examined as part of any tunnel fire
risk assessment, there appears little if any evidence that it occurs, and it certainly should not dominate
the design or approval process. It has been estimated that the risk of such a “double incident” is 3
orders of magnitude less than for single fire incidents in tunnels.
Only in the “stopped traffic” situation, with traffic speeds less than 10km/hr, may some people have
the potential to be downstream of a fire situation. That situation can be totally avoided by appropriate
traffic management as practised in Australian.
Should vehicle occupants be caught downstream of a fire in a very rare case, then operation of a
deluge system quickly will provide the best chance to maintain untenable conditions, including
control of toxicity until occupants reach the exits.
CONCLUSIONS
There are major benefits of suppression systems for road tunnels in terms of:
• reduction in fire size and resultant smoke quantities and temperatures,
• reduced property/asset damage
• reduced operational interruption
• life safety for vehicle occupants and fire fighters.
Any concerns with potential impacts of suppression systems on tunnel occupants are not borne out by
actual experience, and even if they existed, are far outweighed by the benefits. In design terms,
suppression systems are certainly compatible with evacuation and safety of vehicle occupants, and
with fire brigade personnel undertaking rescue and fire fighting.
Recent research and analysis conducted in Australia for the NSW Roads and Traffic Authority show
this package of measures to provide more safety and be more cost effective than a similar design with
a ducted exhaust system or form of semi-transverse system for major NSW urban tunnel. There were
two principal reasons:
• the probability of vehicle occupants being caught downstream in a “double incident” is very
low, especially in tunnels with minimal intersections, and
• the risk to life from a duct collapse during construction outweighed any very marginal life
safety benefit in a very large fire incident with stopped traffic.
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ABSTRACT:
Underground public transportation plays an important role in modern major cities, but also represents
a vulnerable Infrastructure whose safety receives an increasing importance in recent times. A key
question is how an evacuation can be accomplished from underground stations safely. The strategy
“go up and take the nearest exit to the surface” might not be the best response. The problem is, smoke
caused by fire, or toxic airborne substances due to a terrorist attack, tends to use the same routes and
will harm the fleeing passengers. This study choses an empirical approach for this problem. Tracer
gas experiments plus climate measurements gives answers of the spreading of toxic agents in subway
stations under certain conditions. Pedestrian simulations were used to calculate evacuation times for
possible escape routes. Designated evacuation routes in a multi agent simulation show the importance
of a dynamic guiding system on the evacuation process. Combining these methods, an empirical
investigation for different evacuation strategies can be analyzed and assessed in respect to safety.
KEYWORDS: subway climatology, dynamic evacuation guiding system, gas attacks, tunnel fire,
evacuation simulation, tracer gas experiments
INTRODUCTUION
As a result of the high number of passengers who use the subway on a daily basis, it is potentially a
vulnerable and an attractive target for terrorist attacks. During the period 1982-91 deliberate acts of
malice caused 1,327 deaths among air travelers and none on subways and commuter trains. However
in a more recent 10 year period, from 2002 – 2011, statistics show a reversal of this pattern with 203
aviation deaths and 804 subway/rail death reported [1]. This more recent evidence stresses the
importance of safe evacuations from subway stations. This however can be an issue in complex
underground stations where numerous exit routes exist.
The spread of airborne toxic agents (Tokyo 1995) or flue gases due to large subway fires (London
1987, Baku 1995, Daegu 2003) has been show that the choice of a certain evacuation route could lead
to a significantly higher death toll. An Investigation of the Daegu subway [2,3] showed that a
significant number of victims died in the upper level while fleeing to the surface, while people close
to the fire source, including the arsonist who tried to immolate himself, survived injured. During the
fire in the underground train station “Deutsche Oper”, Berlin in 2000 round 350 on looking
passengers remained at the platforms while smoke was blocking the staircases. Recognizing the
substantial damage in the station most of the passengers survived unharmed, only 21 persons suffered
on smoke inhalation but no victims were counted [4]. The specific climate conditions in underground
stations preserve a relatively smoke free atmosphere in the lower levels, while staircases tend to be
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full of smoke. Also Tsukahara [5] examined evacuation routes for the Daegu fire and suggested a
downward evacuation strategy.
Subway tunnels and stations are generally overwarmed, comparing to the outer atmosphere, therefore
buoyancy effects establish air flows to the over ground. Fire in stations will give additional heat, so
this effect becomes stronger. The workgroup of Cave & Subway Climatology (Ruhr-University
Bochum) investigated the special climate conditions in subways since 2000 [6]. The BMBF (German
Federal Ministry of Education and Research) funded the research projects OrGaMIR and OrGaMIRplus
(Cross-organizational hazard prevention to protect human life and critical infrastructures by optimized
prevention and reaction) to examine the special climate in subway systems [7]. Several tracer gas
experiments have been carried out during the period of 2009 and 2013, the results reflect the
trajectories of toxic airborne agents from a source to the exits of the station and points out safe escape
routes. Sulfur hexafluoride (SF6) was used as a tracer gas. Nevertheless SF6 is six times heavier than
air a ground accumulation has never been observed in previous tracer gas experiments. It can be
assumed that SF6 behaves like normal air pertained to the small concentrations used in the field work.
The Virtual Reality and Visualisation Group (Northumbria University) provided a pedestrian
simulation with Legion SpaceWorks for the most frequented and complex station Alexanderplatz in
Berlin. Combining climate data from the tunnels, readings from tracer gas experiments and the results
of the pedestrian evacuation, conclude into a better prognosis of safe and unsafe evacuation routes in
certain situations. This approach might be used to replace or validate computational fluid dynamics
simulations (CFD) in some cases, because no work intensive watertight geometry is needed. In
addition there is less risk to make wrong assumptions for boundary conditions, because they will be
measured empirically. This contribution will show the combined results from a tracer gas field
experiment on 6th December 2011.
SETUP OF MEASUREMENTS

Figure 1: Overview of subway Station Alexanderplatz and positions of measurement points,
top: cross section, bottom: plane views. More exits can be found on the level of line U2 and U8.
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The subway station Alexanderplatz (figure 1) is located in the center of Berlin and is the most used
interchange station in the city. Built from 1910 - 1913 according to the plans by Alfred Grenander, the
Underground station originally only consisted of one line. From 1926 to 1930 two additional lines
were adjoined, also built according to Grenander's conception. Today the subway station still consists
of these three subway lines, the North and South running U2 and U8 and the East and West running
U5. Alexanderplatz subway station is also directly connected to a local over ground train station. The
station has nine exits to the outside, one exit to the local train station and another to an office building.
A continuous long-term air flow measurement (A, B, figure 1) was set up within the OrGaMIRplus
Project in the adjacent tunnels of the U5 subway platform. For the period of the tracer gas experiment
six ultrasonic anemometers (I-IV, figure 1) where placed at the mezzanines on level -3 to measure the
air flow inside the subway station.
An amount of 4kg SF6 was released on December 6th 2011 at 02:16 (MEZ) for two minutes in the
middle of the U5 platform and mixes very quickly with the ambient air. In different levels students (122, figure 2) take every 20 minutes samples with 60 ml syringes. The syringes were closed with a
rubber plug and the air was examined by gas chromatography afterwards.
Results from climatological readings
The continuous measuring equipment showed that both of the adjacent tunnels of the U5 platform
were lower <0.2ms-1 (figure 3). At the end of the experiment a little increase could be observed for the
eastern tunnel.

Figure 2: Wind speed readings from the continuous measurements of adjacent tunnels of the U5
platform (measurement location A and B, see figure 3) during the operational break
on December 6th 2011.
The mobile measurements mostly showed up streaming air masses from the U5 platforms (level -4) to
the mezzanine west (III) and the mezzanine east (V, VI). The exception to this was at location IV on
the mezzanine west. At this location cold air penetrates from outside, therefore downstream airflow
was recorded. Penetrating cold air downstream was also observed and measured in previous
campaigns [6].
The overall result from climate measurement in this field experiment was typical. With no train
movement thermal effects becomes dominant. In general air heats up inside the station and moves due
to buoyancy effects to upper levels and to the outside. In addition with the very low airflow velocity at
the adjacent tunnels (a and b) it leads to the assumption that released tracer gas would not penetrate
the tunnels, but instead rise up to the upper level and find its way through station entrances to the
outside.
Results from Tracer gas dispersion
The tracer gas data presented in this paper is based on a single tracer gas experiment carried out on
December 6th 2011 at 02:16 (CET) and is only valid for this specific climatic situation. However, this
limitation does not distract from the aim of this paper to show how combining results from tracer gas
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experiments with pedestrian simulations can be used to assess evacuation procedures for underground
stations during an emergency situation.
Following the release of 4 kg of SF6 gas over a 2 minute period, readings were recorded at each of the
21 measurement points throughout the subway station (see figure 2). The first high values were
observed only 4 minutes after the start of the release at measurement point 8, located in the mezzanine
west, with a reading of 1090 ppb (see figure 3). At the same time a greater contamination reading was
recorded in the above lying shopping street level at measurement point 16, with a reading of 6630
ppb. In the remaining areas of the subway station, including the lowest level (level -4) where the gas
was released, readings lower than 1000 ppb were recorded for a period up to 6 minutes following the
start of the release. After this period of time, significantly high reading were recorded for
measurement points 5 and 14 located on level -4 and the east mezzanine level -3, respectively. These
values stayed high for the remaining experimental time. In contrast, over a similar time frame,
recordings at measurement points 8 and 16 began to decrease. Recordings at measurement point 16
gradually decrease from 5 minutes after the release, while recordings at measurement point 8
remained high before more dramatically falling after 11 minutes. The initial lack of build-up of tracer
gas on level -4 is related to the dimensions of the space. The ceiling of platforms U5 is more than 5m
high and at its widest spot level -4 measures 36m.

Figure 3: Timeline of SF6 Values of selected Measurement points. Compare to figure 4
Summarizing the tracer gas readings, during the first 5 minutes gas rises from the lower level through
the western mezzanine into the shopping street level. After this period the trajectories moved to the
eastern part of the station and the concentration remained high. Both pathways lead to the shopping
street where also high concentration could be found.
PEDESTRIAN SIMULATIONS
It was assumed that 2050 agents were at their starting position at the lowest level on line U5, this
represent the highest demand according to the German Railway Authority [8], the other subway lines
where neglected. Three different multi agent pedestrian simulations were set up:
•
•
•

Simulation 1: The agents have free choice to find the shortest route
Simulation 2: Agents were forced to use only one exit on the level -1 (exists west). This
decision was based in tracer gas results and should be the most uncontaminated evacuation
route.
Simulation 3: The adjacent tunnels of the U5 were used, agents should go to the next
emergency exits

Table 1: Time of egress for different levels subdivided by the three simulations
platform/concourse
simulation 1
simulation 2
simulation 3
6.23 min
11.30 min
12.33 min (8.15 min )a
level -4
7.28 min
12.30 min
N/A
level -3
9.05 min
13.39 min
N/A
level -2
5.37 min
17.05 min
N/A
level -1
9.05 min
17.05 min
12.33
station (Total)
a
platform cleared

508

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

In according to the British Standard Institution [9], which refers to six key categories of fire
evacuation analysis; alertness, familiarity, building type, staff training and alarm type the first agents
reacted 90 seconds, the majority 165 seconds and all 240 seconds after alarming. The time of egress is
summarized in Table 1. Simulation 1 was of course the quickest, but still it takes over 9 minutes to
clear the station. Due to the fact that only one exit was allowed to be used in Simulation 2, it takes the
longest time to egress the station. Agents queued up and stuck in the western staircases and in front of
the chosen exit. It takes about 8 minutes to clear the U5 platform in simulation three.
COUPLING EMPIRACAL MEASURMENTS AND PEDESTRIAN SIMULATION
From climate data and the SF6 tracer gas readings a contamination for different parts of the station can
be derived for every minute. The pedestrian simulations provide the location of agents every 0.6
seconds. By knowing both the position of each agent using data outputted by the pedestrian
simulations and the changing concentration levels of SF6 throughout the station, it is possible to
interpolate the amount of inhaled gas by each agent as they move through the model and as such get a
more definitive understanding of how each evacuation route would have on the effect of the agents
health. In order to get a more realistic assessment of human safety during the evacuation time it is
now assumed that phosgene (CCIO2) was used instead of SF6. 2.7 kg of phosgene is needed to have
the same concentration levels like 4 kg of SF6 (see Table 2). As phosgene`s boiling point is 7.44°C in
can be transported easily liquid, when cooled, with a volume of about 2 l.
Table 2: Chemical properties of SF6 and Phosgene and the mass equivalents causing the
same concentration levels
chemical properties
SF6
Phosgene
146.05 g·mol−1
98.92 g mol−1
molar mass
−3 a,b
6.63 kg·m )
4.53 kg·m−3 )c
density gas
1.4 g·cm−3
density liquid
-64°C
7.44 °C
boiling point
Very toxic T+
EU classification
equivalents
4.0 kg
2.709 kg
mass
27.387 mol
27.387 mol
particle number
613,85 l )a,b
613,85 l )a,c
volume gas
1928 cm3 = 1,928 l
volume liquefied
a
b
c
T=0 °C, P=1013 hPa, T=15 °C

Assessment of evacuation routes
Considering the Acute Exposure Guideline Levels (AEGL) of the US Environmental Protection
Agency [10], two values can be used to examine the influence on human health:
•

•

AEGL-2 (600 ppb for a 10 minutes exposure period): is the airborne concentration of
phosgene which it is predicted that the general population, including susceptible individuals,
could experience irreversible or other serious, long-lasting adverse health effects or an
impaired ability to escape.
AEGL-3 (3600 ppb for a 10 minutes exposure period): is the airborne concentration of
phosgene which it is predicted that the general population, including susceptible individuals,
could experience life-threatening health effects or death.

From simply overlaying the outputs from the pedestrian simulation with the contamination maps
produced from the tracer gas experiments it is possible to carry out an initial examination into those
agents which may have been exposed to high levels of gas. Figure 6 shows the position of the agents
from simulation 1 and 2 after 5 minutes, against the corresponding contamination map. It is clear that
those agents which have chosen the quickest route (simulation 1) have also moved through the areas
of high contamination located on the west mezzanine on level -3 and the shopping street located on
level -2.
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Figure 6: Concentration and position of bots in simulation 1 and 2, 5 min after release
and exists used for pedestrian simulations 1,2,3
In simulation 2 where agents were restricted to exiting level -4 by only one set of stairs on each
platform, the resulting congestions means that there are more agents still on the platforms level (line
U5) at this time. However, as explained before there was no reasonable contamination on this level in
the first 6 minutes after the release of the gas. Although the agents exit via a less contaminated route,
the evacuation time is nearly doubled in comparison to simulation 1. Therefore from this initial
examination it is unclear what problems the long evacuation and therefore exposure time of 17 min
could cause.
In simulation 3 agents are escaping through the subway tunnels joined to the platforms on level -4.
Results from the pedestrian simulations show that the platforms are cleared in around 8 minutes. As
tracer gas results show that the concentration of SF6 does not increase to high levels on the platforms
until after this time, most agents would have not inhaled any gas.
RESULTS
Based on the results shown, a safety assessment of different evacuations can be made from the total
numbers of agents reaching the different levels. Table 3 summarizes these results and indicates the
number of agents that exceed the two levels. As expected from the initial examination, in simulation 1
the agents using the west staircases between the platforms U5 and the shopping street begin to exceed
the AEGL-2 level when they are on the west mezzanine level. Those agents that are slow to respond
and as a result are caught in the congestion that builds on these staircases are also the first agents to
reach the deathly AEGL-3 level in this location. As the evacuation continues more deaths are
expected on the shopping street level. From the completed study, the results show that in simulation 1,
362 agents will die during their evacuation of Alexanderplatz, whilst 1060 will have long-lasting
health issues. This study could not take into account that agents who exceed AEGL-2 level of
contamination may evacuate slower, increasing the congestions build up and also that dead agents
may become obstacles for the other agents. Additional these numbers are calculated for a respiratory
minute volume of 8 liters, a value valid more for resting humans. Therefore it is expected that the
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number of deaths could be significantly higher. In the 2nd simulation, even with the low
contamination, due to the long evacuation time, it was established that 212 agents will exceed the
AEGL-2 level before they are able to exit the subway station, but no agents will exceed the AEGL-3
level. The combined tracer gas results and pedestrian simulation shows that all the 212 agents that
exceed the AEGL-2 level will do so in the congestion build up on level -1 as they try to exit via a
single exit. On this level, there are two more exits available, so the number of harmed passengers
would significantly lower.
Table 3: AEGL level Agents reach in different simulation
Concentrationa
Simulation 1
Simulation 2
< 600 ppb
628
1838
AEGL-2 (>600 to 3600 ppb)
1060
212
AEGL-3 (>3600 ppb)
362
0
a
equivalent to 10 min exposure time

Simulation 3
2050
0
0

In comparing the two simulations it is clear that agents exiting via a controlled, pre-defined route are
able to do so in the safest manner, regardless of the increased evacuation time. The results show that
the majority of the agents in simulation 2 remained under 600 ppb and no agents exceeded the AGEL3 level and therefore no agents would have died exiting via this route. The 3rd simulation gives the
opportunity using the tunnels as evacuation routes. Surely, these routes have bottlenecks, moving
from the platforms to the track is not easy. Obstacles like blocked doors and step stairs could be find
on the way. The observed airflow from the long terms reading in the adjacent tunnels has in general
shown that air pushes from tunnels to station. For the described field experiment no significant
airflow was observed so the tunnels remained free of tracer gas.
CONCLUSION
This study has shown that different evacuation routes have different risk levels. Considering reports of
subway disaster this study showed also that guided evacuation could reduce the number of death and
injury in a case of a terrorist attack with chemical warfare. Generally it was showed that staying as
long as possible in lower levels could be a good strategy to leave the area of risk even if it takes
longer. As no gas penetrates into the tunnels, they should be included into emergency plans. The
subway climate conditions, especially the airflow in tunnels outlines the basis one element for a
dynamic evacuation guiding system, which can be proposed from the results of this study. Such
systems would take into account the location and cause of the evacuation, the resulting dispersal of
gas, smoke, etc. and the subway climatology at the time. In doing so, the system could identify the
most endangered areas and guide passengers via an adaptive escape route using audio and visual
techniques. In catastrophic circumstances people want to go out as quickly as possible to the over
ground, so intelligent evacuation systems may guide people against their natural flight behavior.
Information on the evolution of the emergency situation could also simultaneously be relayed back to
the rescue forces to help plan the rescue and evacuation procedures, by being able to answer questions
as to where to concentrate the rescue teams.

511

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

LITERATURE
Arnold Barnett (2012, October 15). Has Terror Gone to Ground? Phoenix.
1.

Tsujimoto, M., “Issues raised by the recent subway fire in South Korea.” In ICUS INCEDE
newsletter, International Center for Urban Safety Engineering, Tokyo, 2003.

2.

Jeon, G., & Hong, W., “Characteristic Features of the Behavior and Perception of Evacuees
from the Daegu Subway Fire and Safety Measures in an Underground Fire.” Journal of Asian
Architecture and Building Engineering, 8, 415–422, 2009

3.

Kirchner, F., „Feuer im U-Bahnhof Deutsche Oper.“ In Brandschutz. Deutsche Feuerwehr
Zeitung, 54, 883–893, Stutgart, 2000.

4.

Tsukahara, M., Koshiba, Y., & Ohtani, H., “Effectiveness of downward evacuation in a largescale subway fire using Fire Dynamics Simulator.” Tunnelling and Underground Space
Technology, 26, 573–581, 2011

5.

Brüne, M., Pflitsch, A., Agnew, B., Spiegel, J., “Dynamics of natural air flow inside subway
tunnels” Proceedings from the fifth International Symposium on Tunnel Safety and Security,
329-337 New York, USA, 14-16 March, 2012.

6.

Pflitsch, A., Brüne, M., Ringeis, J., Killing-Heinze, M., “OrGaMIR: Development of a safety
system for reaction of an event with emission of hazardous airborne substances - like a terror
attack or fire - based on subway climatology”, Proceedings from the fourth International
Symposium on Tunnel Safety and Security, 451-462, Frankfurt am Main, Germany, 17 - 19
March 2010.

7.

Blennemann, F., “Brandschutz in Fahrzeugen und Tunneln des ÖPNV. Fire protection in
vehicles and tunnels for public transport“ Alba-Fachverl, 2005

8.

British Standards Institution, “Application of fire safety engineering principles to the design
of buildings: Part 6: Human factors: Life safety strategies - Occupant evauation, behaviour
and condition (Sub-system 6)”, BSI, 2004.

9.

National Research Council Staff, “Acute Exposure Guideline Levels for Selected Chemicals.
National Academies Press”, National Academies Press., 2002.

512

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Pre-stressing of structural tunnels as a method to control
cracks resulting from the temperature loads
Stefan Zmigrodzki
CIMA+ Consulting Engineers
Montreal, Canada
ABSTRACT
Tunnels are designed to withstand the pressure of backfill and water. Additional bending moments
resulting from the temperature loads lead to the development of cracks on the cold side; the cracks
may have a permanent character. The pre-stressing is a commonly used construction technique for
bridges to balance the weight of the superstructure and prevent cracks; it was used also in some
tunnels. The pre-stressing of structural tunnels can be accounted for permanent loads and temperature
loads and control in this manner the development of cracks following a major fire. The “reserve” of
stresses for the temperature loads during the life-time of the tunnel has also a beneficial effect on the
durability. Higher bending moments resulting from the temperature loads as effect of the increased
stiffness of non-cracked concrete sections are compensated by the use of the high grade steels for prestressing cables; which are two times stronger than the rebar. The high grade steels allow the structure
to perform within the elastic range of deformation and “bounce back” after a major fire to its original
position. The structural analysis is performed by iteration as the temperature gradient is not linear and
the physical-mechanical properties of the concrete depend on temperature.
KEYWORDS : Temperature loads, structural tunnels, cracks, pre-stressing, finite elements analysis,
physical-mechanical properties, high grade steel.
INTRODUCTION
When exposed to heat, in materials with a low thermal conductivity, the heat penetration takes time
and a temperature gradient is created slowly across the section. Due to the temperature gradient,
elements bend away from the face exposed to heat and if restricted, the deformations result in bending
moments. The temperature gradient created across concrete members in structural tunnels during a
major fire, results in the same phenomenon.
The moments in the corners of tunnels due to a major fire are additional to those from the external
pressure of backfill and water, the structural tunnels are normally designed for. The increased
moments may lead to the development of cracks at the outside (cold) face of a tunnel when the
stresses in the rebar reach the yielding point of the steel. Such cracks will not be visible and therefore
impossible to be assessed after a fire and they will represent a potential risk of failure. An example of
such cracks is shown in Figure 1 which was reproduced from the paper “Emerging Problem for
Immersed Tunnels: Fire Induced Concrete Cracking” [1].

Figure 1

Analytical model and crack pattern observed after fire tests on a model [1].
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PRE-STRESSING IN GENERAL
The pre-stressing of beams is a commonly known construction technique in the case of bridges and it
is used to balance the weight of the structure. The bending moments resulting from weight are
“eliminated” by the pre-stressing and cracks are usually prevented under permanent loads. Such
cracks in structures exposed to weather “open” the way to the moisture and the signs of corrosion we
observe on bridges, particularly on bridges in countries where winter conditions require a large use of
de-icing salts, reflect the effect of such crack openings. In the case of pre-stressed structures, the
development of cracks under permanent loads is prevented and the durability increased.
The principle of the pre-stressing is explained in Figure 2; the figure shows the difference between the
reinforced concrete and the pre-stressed concrete for simply supported and cantilever beams.

Reinforced Concrete

Pre-stressed Concrete

Simply supported beam

Figure 2

Cantilever beam

Principle of reinforced and pre-stressed concrete [2].

The analysis of pre-stressed concrete elements is relatively simple. It is performed as a linear analysis
and no adjustments and/or iterations are required to reflect changes of properties as in the case of the
temperature loads. The only parameters which are not constant are related to the creep of concrete and
the relaxation of steel and those parameters are accounted for in the design. The phenomenon of creep
of concrete and relaxation of steel imply the use of high grade steels for the fabrication of cables and
bars used for pre-stressing. The limits of performance of concrete in compression and tension are
reflected in the design but the analysis does not address specifically the development of cracks. The
appearance of cracks corresponds to the limits of tensile stresses reached in the concrete; reaching this
limit means that the results are satisfactory for the loads the structure has to resist.
PRE-STRESSING OF STRUCTURAL TUNNELS
The use of pre-stressing in structural tunnels is not new and it has been in use in many submerged
tunnels; the Lafontaine Tunnel in Montreal crossing the Saint-Lawrence River is one of them.
The pre-stressing of tunnel structures is accounted for the bending moments resulting from the
pressure of backfill and water as shown in Figure 3; the location of cables is also indicated
schematically in the figure.

Figure 3
Principle of the pre-stressing of tunnel structures.
The loads shown in Figure 3 are permanent and the pre-stressing is defined for these loads in the same
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manner as in the case of bridges. The bending moments in the corners of the roof can be brought to
zero without cracks on the outside faces of the tunnel as shown schematically in Figure 4.

Pre-stressing
(Balanced conditions)

Figure 4

Backfill/Water

Pre-stressing + Backfill/Water

Bending moment diagrams in pre-stressed structural tunnel in normal conditions.

TEMPERAUTURE LOADS IN PRE-STRESSED STRUCTURAL TUNNELS
During a major fire, the effect of the temperature loads will appear in the structure as represented
schematically by the bending moments shown in Figure 5.

Pre-stressing + Backfill/Water
(Balanced conditions)

Figure 5

Temperature Loads

Loads during a fire

Bending moment diagrams in pre-stressed structural tunnels during a major fire

As the bending moments from the pre-stressing and external pressures are balanced, the bending
moments from the temperature loads may appear to be the only ones during a fire. Unfortunately, to
establish the effect of temperature loads, both the permanent and temperature loads have to be
considered in the analysis at the same time. That’s because the bending moments due to the
temperature loads are a function not only of the temperature gradient across the section but they
depend also on the rigidity of the elements and their mechanical and physical properties. As the
rigidity depends on the development of cracks resulting from all loads acting simultaneously and the
properties are a function of the temperature, the analysis should take into consideration all the loads.
DEVELOPMENT OF CRACKS UNDER TEMPERATURE LOADS
To explain the relationship between bending moments and the development of cracks under
temperature loads, a simple rectangular element was chosen for the purpose of discussion. The
element is “loaded” with a linear temperature gradient across the section and the gradient constant on
the length of the element. The element is fixed on both ends so free deformations are prevented and
bending moments appear as shown in Figure 6.

Figure 6

Bending moment in a rectangular element fixed on both ends and “loaded” with a
constant temperature gradient across the section.
The formula for the bending moments in the conditions illustrated in Figure 6 is simple and it is as
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referred to as Eq. (1) hereafter.
M=

E ⋅ I ⋅ ΔT ⋅ α t
h

[kM]

(1)

Where:
E is elastic (Young) modulus of the material [MPa];
I is moment inertia of the section [mm4]; b⋅h3/12 for a rectangular section in this case;
ΔT is temperature gradient in the section [°C];
αt is coefficient of thermal expansion of the material [1/°C];
h is the thickness of the element.
As explained below, within the range of temperatures a structural tunnel could be exposed to during a
major fire all the parameters in the formula for bending moments depend directly or indirectly on
temperature. The formula and the relationship for the temperature gradient shown above are given as
an example to explain the phenomenon; the analysis in the case of temperature loads is much more
complicated as explained further.
Temperature Gradient (ΔT)
The gradient reflects the heat penetration in the concrete and it is a function of concrete properties; as
concrete is a poor heat conductor, the gradient is not linear and it is limited to the zone exposed to
heat. Figure 7 shows the curves for different temperatures at the surface of the concrete based on
different sources.

Figure 7

Temperature gradient in a concrete section, according to different sources [4], [5], [6].

It can be noted that the gradient is limited to about 80 mm, which represents a fraction of the
thickness of concrete elements in structural tunnels designed for important backfill and water
pressure. Those elements are quite robust and their thickness is usually in the range of 1000 mm.
However, even if the temperature gradient developed in the section reaches less than 10% of the
thickness, the temperature loads resulting from this gradient and their effects should be considered in
the analysis.
Elastic (Young) modulus (E)
Elastic (Young) modulus of concrete is a function of temperature and it decreases with a rise of the
temperature. Figure 8 shows the reduction of the modulus for different types of concrete.

Figure 8
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Coefficient of thermal expansion (αt)
Coefficient of thermal expansion is a function of the temperature as well and it increases with the rise of
the temperature as shown in Figure 9.

Figure 9

Increase of the coefficient of thermal expansion at elevated temperatures [8].

Moment of inertia (I) and thickness (h) of the element
In the case of reinforced concrete structures with cracks, the effective thickness and moment of inertia
of the cracked section are reduced; the moment of inertia of sections with cracks is about 35% of the
moment of inertia of sections without cracks.
STRUCTURAL ANALYSIS FOR PRE-STRESSING AND TEMPERATURE LOADS
An analysis of pre-stressed tunnels under temperature loads is quite complex when compared to an
analysis of pre-stressed beams in the case of bridges. A non-linear analysis is required for structural
tunnels and this analysis is performed using a model of finite elements where the structure is divided
in a series of small (finite) elements.
The parameters in the analysis can be generally divided in two categories representing two zones; the
“Outside zone” or the zone on the cold face of the tunnel with an ambient temperature and the “Inside
zone” or the zone exposed to heat. The parameters in the “Inside zone” reflect the changes of the
temperature gradient and the physical-mechanical properties while the parameters in the “Outside
zone” remain constant.
The analysis of pre-stressed tunnels is basically performed in two phases. The first phase is done for
the permanent loads, it means the pre-stressing and the pressure from backfill and water and it is done
like any design of pre-stressed concrete structures.
In the second phase the analysis is performed for the combination of permanent and temperature
loads. The mechanical-physical properties are adjusted according to the temperature reached across
the section and if necessary, a reduction of the moment of inertia due to the development of cracks is
part of the procedure. Those adjustments are done for every single element in the analytical model.
As no cracks appear in structures with the pre-stressing, the bending moments resulting from the
temperature loads could be theoretically inversely proportionally higher than for reinforced structures
designed as “cracked”. In reality, the gradient in concrete sections is not linear and it is limited to the
zone exposed to heat so the impact of the pre-stressing on bending moments from temperature loads is
less important than it may appear.
Analytical procedure
1st Step in the analysis: Ambient temperature (± 20°C)
The 1st step is a normal design of pre-stressed concrete elements under permanent loads where the
verification of stresses and cracks in the concrete section is part of the procedure.
When cracks do not appear as a result of the analysis and the stresses remain within the limits, the
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analysis continues for 380°C in the 2nd Step. The temperature 380°C reflects the limits considered for
concrete exposed to heat during a major fire
When cracks appear, an increase of the pre-stressing and/or thickness of elements should be done and
the 1st Step redone as the pre-stressing is designed to balance the bending moments under permanent
loads and cracks should be avoided.
2nd Step in the analysis: 380°C
An adjustment of the mechanical-physical properties is done for high temperatures reached in the
concrete in the “Inside zone”.
When cracks do not appear as a result of the analysis and the stresses remain within the limits, the
analysis is completed. If the stresses are too high, an increase of the pre-stressing and/or thickness of
elements should be done and the analysis should be restarted in the 1st Step.
When cracks appear, an adjustment should be done in the model to reflect those cracks, which is done
in the 3rd step. It should be noted that the bending moments from temperature loads will be reduced
following the development of cracks.
The influence of elevated temperatures on the characteristics of concrete such as temperature gradient
(ΔT), elastic (Young) modulus (E) and coefficient of thermal expansion (αt) were already discussed;
Figure 10 shows how the compressive strength (fc) is affected by the rise of temperature.

Figure 10

Reduction of strength for concrete at elevated temperatures [7].

3rd Step in the analysis:
380°C with an adjustment for cracks in the “Outside zone”
The adjustment for cracks is done by releasing the connections between the “finite elements” where
the limits of tensile stresses are exceeded. The adjustment is done by iteration; as smaller bending
moments appear due to the development of cracks, some of the released elements will be made active
again and the analysis restarted.
When the stresses remain within the limits, the analysis is complete, otherwise an increase of the prestressing and thickness of elements should be done and the analysis should be redone in the 1st Step.
It is important to underline that a verification of cracks is not necessary at the end of the analysis
required as explained below.
An appearance of cracks under temperature loads in a structural tunnel with the pre-stressing, is not
considered as relevant contrarily to the structural tunnels reinforced with the rebar. The cracks in the
case of pre-stressed tunnels have a temporary character contrarily to the cracks in reinforced concrete.
The temporary character of cracks reflects an important characteristic of the pre-stressed structures.
This aspect is discussed further in the paper.
The analytical procedures presented above is summarised in the Table 1 hereafter. The steps in the
analysis, the adjustments of the parameters in both “Outside” and “Inside” zones and the
consideration of cracks are reflected in the table.
Table 1
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LOADING / STEP

Inside - Zone exposed to heat
Temp.

Pre-stressing
and Backfill

1

20 °C

Stresses in the
concrete

Temperature, Characteristics, Cracks, etc...…
Outside - Cold Zone

Characteristics Moment of
Temperature Characteristics
Cracks ?
Temp.
Gradient αt, E, G. etc….
inertia
αt, E, G. etc….

N.A.

constant

20 °C

constant

OK

No

I

Pre-stressing OK
NG

Yes

2

380 °C

Adjustment
required

f ( Temp.)

20 °C

constant

OK

No

I

NG

Yes
3

380 °C

No change
required

No change
required

20 °C

constant

Adjustment
for I cracked
No

OK
NG
OK

Redo 1
Redo 1
STOP

Increase Pre-stressing
and/or thickness

Go to 1

Adjust for I cracked

Go to 3

Pre-stressing OK

STOP

Increase Pre-stressing
and/or thickness
Pre-stressing OK

NG

Go to 2

Increase Pre-stressing
and/or thickness
Increase Pre-stressing
and/or thickness
Pre-stressing OK

Yes

Pre-stressing
and Backfill
+
Temp. Load

ACTION

Go to 1
STOP

Increase Pre-stressing
and/or thickness

Go to 1

DISCUSSION

S tre s s ( M P a )

Pre-stressing steels – Strength and Deformation
As mentioned before, the high grade steels are used for the pre-stressing and those steels are stronger
than the steel for fabrication of the rebar; the comparison between both steels is shown in Figure 11.
The curves represent the relationship stress-strain for different types of the pre-stressing steels
(continuous lines) and the rebar (dotted line).

Rebar

Reba r

P re - s tre s s in g S te e l

Ela s tic ra n g e fo r th e p re - s tre s s in g
R e s e rve fo r
Te m p . Lo a d s

P e rm a n e n t Lo a d s

S tra in ( %)

Figure 11

Performance of the pre-stressing and rebar steels [3].

The limits of performance in Figure 11 are indicated with horizontal dotted lines and they correspond
to ± 350 MPa for the rebar and ± 1100 MPa for the pre-stressing steels. These limits represent at the
same time the range of elastic deformations of the steels as explained in the figure.
The zone corresponding to the permanent loads and the zone for the temperature loads as “reserve”,
are indicated on the right-hand side in Figure 11. It can be clearly seen that the structure with the pre519
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stressing will perform within a much wider range of elastic deformations than the reinforced concrete
and no permanent cracks will appear within this performance range.
Permanent Loads - Control of cracks in concrete elements
The discussion may lead to a conclusion that use of the rebar instead of the pre-stressing steels in
design of tunnel structures for temperature loads, may be done following the same principle as
discussed above. However, it is not possible simply due to the nature of the reinforced structures.
Contrarily to the pre-stressed concrete, the reinforced concrete “always cracks” and the cracks are
present in any conditions along the life-cycle of a tunnel structure.
Figure 12 shows the difference between the reinforced concrete and pre-stressed concrete with respect
to the development of cracks; the locations of the rebar and the pre-stressing cables are indicated on
the drawings.

Reinforced Concrete

Pre-stressed Concrete

Figure 12

Development and control of cracks in reinforced and pre-stressed concrete.

Temperature Loads – “Temporary cracking” leading to reduction of bending moments
The performance of the steels within the elastic limits is different for the rebar than for the prestressing steels and as mentioned, the difference lies in the range of elastic deformations under
temperature loads.
The pre-stressing steels will perform within the range of elastic deformations under temperature loads
which means that the deformations after a major fire will not be permanent and the cracks will have a
temporary character and the structure will “bounce back” to its original form once the tunnel structure
is cooled down after a fire; the cracks will then close. The amount of the pre-stressing can account for
an appearance of cracks which will lead to a reduction of bending moments created by temperature
loads.
CONCLUDING REMARKS
Control of cracks during and following a major fire
In the cases of the pre-stressing steels, the steels “work” from the very beginning for the loads acting
on the tunnel during a fire and “wait” for these loads during the Life-Cycle of the structure. The use of
high grade steels for the pre-stressing will not only mean that the tunnel structure will “bounce back”
to its original form without any residual deformation and/or permanent cracks at the outside face but it
will perform without cracks probably during its whole Life-Cycle.
The pre-stressing of structural tunnels can be accounted for the bending moments from permanent
loads and moments created by temperature loads; it can therefore control the development of
permanent cracks and prevent the risks of a failure following a major fire, as may be the case in
concrete structures reinforced with rebar.
Passive protection
An effect of the pre-stressing is that the passive protection of the tunnel could be eventually reduced.
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Compared to reinforced concrete structures, the effect of temperature loads will be reduced as the
needs for passive protection required to limit the temperature a structural tunnel could be exposed to.
In some cases, a complete elimination of the passive protection could be theoretically achieved; in
such cases however, the spalling and the impact of loss due to the progressive spalling of concrete
should be accounted for in the analytical model.
It may appear based on experience from historical fires, that a major fire will necessarily lead to
intense cracking at the outside face also in pre-stressed tunnels and ultimately to a failure. The
consequences of the 1985 fire which occurred in the Lafontaine Tunnel in Montreal do not support
such a statement. The losses of concrete after the fire were very important (few centimetres) but the
pre-stressing cables remained unexposed because of a concrete cover. The results of a preliminary
analysis confirmed also that due to some specific conditions of this tunnel, the stresses at the outside
face due to the temperature gradient created by the fire remained within the performance limit of the
concrete.
Life-Cycle performance
It should be underlined that from the practical point of view, a tunnel with the pre-stressing for
temperature loads would perform better during its life-cycle. The pre-stressing means and the
corresponding compression forces “inside” the structural element would increase the monolithic
character of a tunnel. The stresses in the pre-stressing steel and in the concrete elements can be
accounted for “in advance” for temperature loads and the pre-stressing cables would remain in tension
for permanent loads well below the elastic limit with a substantial reserve for the temperature loads if
those should really appear one day.
The “reserve” of stresses for the temperature loads during the lifetime of the tunnel will have a
beneficial effect on its durability. The compression forces from the pre-stressing will make the
concrete elements work as a homogenous dense material without cracks and increase in this way the
life expectancy. The water penetration will be prevented as the second effect of the pre-stressing.
Overall, the effects can be judged positive as the bending moments from backfill and water pressures
are virtually eliminated and during the life time the structure will perform without cracking.
The temperature loads (if any, over the life-cycle of the structure) are of a very short duration and the
probability that they appear is also very low when compared to the life-cycle of a structure. The gain
of performance achieved by pre-stressing becomes evident.
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ABSTRACT
Assessment of tunnels in fire is mainly conditioned by the risk of the concrete to spall. Since there is
still no reliable theoretical method to predict concrete spalling due to fire exposure, assessment is
mainly carried out through fire tests. Usually, tests are performed in a laboratory on concrete elements
that have been cut out of the tunnel structure. However, it is challenging to reproduce in a laboratory
the same boundary conditions, state of stress and material properties of the assessed structure which
may modify the spalling behaviour. Consequently, CSTB decided to develop in-situ fire tests through
the design of a mobile oil-fired furnace. This paper studies the influence of a mobile furnace versus
standard laboratory furnace on the concrete spalling behaviour. First, we question the optimal area
that shall be exposed to fire by a mobile furnace. Next, the result sensitivity of tests performed with
identical concrete compositions but with two different tests equipment is analysed. From the
discussion, it is emphasized that the optimum uncovered section of concrete being exposed to fire
with a mobile furnace shall be at least 1.0 m by 1.0 m. Additionally, it is shown that even if results
displayed significant scattering, spalling tests carried out with a mobile furnace seem to be relevant.
The test campaign therefore suggests that in-situ tests using a mobile furnace could appear as a
convenient method to assess tunnels in fire conditions.
KEYWORDS: mobile fire furnace, tunnel, concrete spalling, Increased Hydro Carbon temperature
curve
INTRODUCTION
Concrete structures in tunnel can be severely damaged by spalling phenomena when exposed to fire.
Tunnel owners are particularly concerned by this issue. In France, the regulation introduced the need
for risk assessment of concrete spalling after the dramatic fire in the Mont-Blanc tunnel (between
France and Italy) in March 1999 [1]. In accordance with this mandatory risk assessment, the research
project conducted at the CSTB in collaboration with the CETU and DRIEA-IF aims to develop
innovative in situ measurement procedures of spalling sensitivity and likelihood for large scale
structures in tunnels.
Undeniably concrete spalling is a complex phenomenon. Parameters and mechanisms influencing its
behaviour are not yet fully understood. There is therefore a general agreement that risk assessment of
concrete spalling in tunnels involves carrying out fire tests on specimens. However, the tested samples
have to be as representative as possible of the real condition (composition of concrete, water content,
pore pressure, geometry, mechanical stress, restrained thermal expansion, boundary conditions...).
Spalling risk is consequently difficult to assess in the case of existing tunnels. Cutting and transport of
samples with representative size to the test facilities may be problematic. One approach may be to
provide special mobile test facilities that allow one-sided localized heating of large structures directly
523

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

in tunnels. There is indeed a recent interest in mobile fire furnace [2; 3] for large scale structures
assessment and this paper describes the design of a new device at CSTB. This approach offers two
important advantages. First, one avoids the difficult cutting operation of concrete specimens.
Secondly, it strongly reduces the problem of the representativeness of the tested concrete members.
Concrete composition, water content and mechanical stresses are the ones of the assessed structure.
In the present study, the research has been organized to investigate the optimum specimen section to
be tested with a mobile furnace since the edge effect may have a large impact on concrete spalling [4].
This research further aims at comparing experimental results from tests carried out with two different
facilities, a new mobile fire furnace designed by CSTB versus a traditional standardized laboratory
furnace [5].
DESIGN OF A MOBILE OIL-FIRED FURNACE

BCU 480

BCU 480

ARMOIRE
1000x800x300

Figure 1 shows a mobile light fuel oil-fired furnace which was designed and constructed for this
project to test samples in vertical orientation. The maximum heating capacity of the furnace is
1300 kW. The combustion air blower, fuel pump, control panel and the firing hood which houses two
round-flame oil burners are rack mounted on a mobile cart made of a steel frame supplied with caster
wheels. The mobile cart can be lifted by a forklift truck. The combustion air blower of rated power
15 kW and maximum flow rate of 1300 m3·h-1 provides preheated ambient air to the burner. To follow
a specified time-temperature curve during the test, the thermal load in the fire chamber is regulated
from the control panel by continuously and proportionally adjusting the combustion air volume and
oil input flow. The furnace is supplied with oil from a mobile vessel of 1000 L capacity. The fuel
pump provides circulation between the tank and the burners by means of two flexible hoses with fast
couplings. The two round-flame oil burners shown in Figure 2 are of the same type and power (300 to
650 kW each). Their ignition is provided by a propane-fuelled pilot burner that is switched off
automatically after a time delay and verification by a photo sensor of the presence of a flame on the
burners. The two round-flame oil burners are juxtaposed vertically and oriented towards each other
with an angle. The combustion flames converge together at some axial location concentrating heating
power. As shown in Figure 3a, the fire chamber consists of three sections with a length of 1.0 m each
and a section of 1.0 m by 1.0 m. The total length of the chamber (3.0 m) enables to develop hot gases
without direct flame impingement on the surface of the test specimen. The fire chamber is lined with
refractory concrete. The combustion gases are released from an opening at the side of the fire chamber
(See Figure 3b).

P IQUA GE 8 -13 M
4 " GAS CONIQUE

1

TUBE DN8

F 125

Figure 1
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Steel frame support
Round-flame oil
burners
Mobile oil tank (1000 L)

Calcium silicate
insulating board

Turbo blower (15kW) &
combustion air supply

Heat-resistant
steel frame

Figure 2

Firing hood with two oil burners.

Figure 3

(a)
(b)
Fire chamber of the mobile fuel-fired furnace: (a) section of fire chamber; (b) release of
combustion gases from an opening at the side of the fire chamber.

Fire exposures
The mobile oil-fired furnace was designed to carry out two hours exposure of standardised ISO 834-1
fire as well as temperature curves used to assess large scale concrete structures in tunnels as the
Increased HydroCarbon (HCinc) curve [6] and the RWS curve. In the present study, all the slabs have
been exposed to the HCinc curve described in Equation (1) with an asymptote at 1 300°C:

𝑇 = 20 + 1280 (1 − 0.325 𝑒 −0.167 𝑡 − 0.675 𝑒 −2.5 𝑡 )

(1)

The furnace air temperature is measured with 12 symmetrically disposed thermocouples at 100 mm
from the exposed surface of the samples. A calibration test was carried out in July 2012 to confirm the
ability of the mobile fire furnace to follow the Increased HydroCarbon curve (See Figure 4).

Figure 4

Furnace air temperature following the increased HydroCarbon curve.
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RESEARCH PROGRAM, CONCRETE MIXES AND TEST METHODS
Research program
The research program presented in this paper is summarized in Figure 5. This program is made up of
two phases.
• The preliminary phase investigates the optimum dimension of a specimen to be exposed by a
mobile furnace. One single slab was tested in a traditional standardized laboratory furnace.
The slab was sprayed with a 50 mm thick fire protective coating in order to leave three bare
zones where the concrete was directly exposed to fire. These three zones had different sizes
(from 0.5 m by 0.5 m to 1.0 m by 1.0 m) in order to determine the influence of the area of the
tested section on spalling depth results.
•

The second phase investigates experimental results between tests carried out with the oil-fired
mobile furnace and the traditional standardized furnace. During the second phase, four slabs
have been exposed to HCinc fire. A one-sided vertically exposed slab was tested with the
mobile furnace. As in the preliminary phase, the slab was sprayed with a heat protective
coating to leave 1.0 m by 1.0 m section of concrete directly exposed to fire. The three
remaining slabs have been tested in the traditional standardized furnace horizontally. Two of
the three slabs were also protected leaving a 1.0 m by 1.0 m section exposed to fire. The last
slab, which constitutes the reference, was not protected.
Horizontal standardized furnace

Oil-fired mobile
furnace

Slab 1A

Phase 1

Preliminary test

Slab 2A
Phase 2

1st heating

Slab 2B

Slab 2D

2nd heating

Slab 2C

Figure 5: Research program
Figure 5 presents the slabs tested in the preliminary phase (1A) and in the second phase (2A, 2B, 2C
and 2D).
Concrete mix proportions and properties
The concrete was provided by a ready mix concrete company. Slabs were casted in the CSTB
laboratories.
The 4 slabs tested in the frame of the second series have been casted with the same concrete, in order
to compare the results from tests carried out with the mobile furnace and with the standardized
laboratory furnace.
Concrete compositions and properties for the two tests series are given in Table 1. It can be observed
that the two concretes are high performance concretes. The compressive strength of the concrete used
in the second phase is about 15 to 20 % higher than the one used in the preliminary phase. They
contain silica fume. The compressive strength was determined on cylinders with a diameter of 16 cm
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and a length of 32 cm.
Table 1

Concrete composition and properties

Cement: CEM I 52,5 N (kg/m3)
Gravel: 4/20 (kg/m3)
Gravel: 4/11,2 (kg/m3)
Sand: 0/4 (kg/m3)
Silica fume: Condensil S95 DS
Limestones fillers: (kg/m3)
Water (m/m3)
Superplasticizer: Chrysofluid Optima 220 (% of
cement)
Slump (mm)
Mean compressive strength at 7 days (MPa)
Mean compressive strength at 28 days (MPa)
Mean ccompressive strength at 90 days (MPa)

Phase 1

47.3
59.5
61.8

425
690
150
790
30
80
163
1,5%
> 210

Phase 2

55.2
69.0
71.2

Test method
The geometry of the slabs is given in Table 2.
Table 2

Geometry of the slabs.

Preliminary test - Slab 1
Slab 2A – traditional furnace
Slab 2B – traditional furnace
Slab 2C – traditional furnace
Slab 2D – mobile furnace

Dimensions of the slab
3.35 x 2.00 x 0.58 m
3.35 x 2.00 x 0.58 m
3.35 x 2.00 x 0.58 m
3.35 x 2.00 x 0.58 m
3.35 x 2.00 x 0.58 m

Non protected area section
(m2)
1 x 1 ; 0.75 x 0.75 ; 0.5 x 0.5
1x1
1x1
Non protected slab
1x1

All the slabs have been cured in the same conditions and tested after 90 days. During the second
experimental phase the slabs were tested within a short range of time. All the slabs were monitored
with thermocouples held on the reinforcing steel bars and at different depths and locations in the
concrete in order to record the temperature field and the advance of the spalling front. After onemonth curing period the faces of 4 slabs exposed to fire were sprayed with a heat protective coating.
As aforementioned, part of the slabs was not covered.
All slabs were exposed to the Increased HydroCarbon temperature curve described before during 2
hours.
Phase 1 – preliminary test
One single slab was tested in a traditional 4.0 m x 3.0 m laboratory horizontal furnace of CSTB. The
slab was sprayed with a heat protective coating apart from three zones with different sizes (from 0.5
m x 0.5 m to 1.0 m x 1.0 m) in order to determine the influence of the area of the tested section on
spalling depth results.
Phase 2
The second phase investigates experimental results between tests carried out with the oil-fired mobile
furnace and the traditional standardized furnace. Slabs 2A, 2B and 2C were tested in the traditional
4.0 m x 3.0 m laboratory furnace horizontally. Slabs 2A and 2B were protected except a 1.0 m x 1.0 m
section. Slab 2C, which constitutes the reference, was not protected.
Slabs 2A and 2B were exposed to the same thermal load as they have been tested together.
Slab 2D was tested with the mobile furnace. The slab was sprayed with a heat protective coating apart
from a 1.0 m x 1.0 m section. A one-sided vertically exposed slab was tested.
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During the tests, pictures were taken, and visual observations within the furnace were made. A video
was recorded during the test carried out by the mobile furnace where spalling process was easier to
observe. The day after the tests were realised, the specimens were removed from the furnace and the
concrete spalling depths were measured with a spatial resolution of 10 mm by 10 mm and 2 mm depth
accuracy.
PRELIMINARY TEST CAMPAIGN - RESULTS AND DISCUSSION
Spalling of the unprotected concrete started after 2 minutes. Reinforcing steel bars were visible after
15 minutes. Part of the protection, in particular between the 1.0 m x 1.0 m and 0.75 m x 0.75 m
unprotected zone fell down during the test after 5 minutes. The loss of the protection induced spalling
in the new unprotected area. The spalling depths measured after cooling are represented by mapping
topographic contour lines in Figure 6. Mean values and standard deviations are reported in Table 3.
Even, if part of the protection fell down during the fire test, we can clearly observe that mean spalling
depth are comparable in the 2 zones 1.0 m x 1.0 m and 0.75 m x 0.75 m. Spalling depth mean value
are respectively 64 and 68 mm. On the contrary, mean value determined in the 0.5 m x 0.5 m zone is
about 50 % lower (41 mm).
From these results, the optimum specimen section of concrete to assess spalling with the mobile
furnace was fixed to 1.0 m x 1.0 m. This section appears to be a good compromise since the size and
the weight of the mobile furnace should not be too important for transport and handling operations in
the tunnel. Furthermore, the damaged section of the tunnel structure after the fire test should be
limited to be easily retrofitted. Smaller section on the other hand could appear not to be on the safe
side and sufficiently representative regarding spalling behaviour as shown by the preliminary test
campaign.

Figure 6
Table 3

Measured spalling depths in mm of the slab with the 3 unprotected zones (1.0 m x 1.0 m;
0.75 m x 0.75 m; 0.5 m x 0.5 m).

Spalling depths mean values and standard deviations determined in the 3 unprotected
zones
Considered area
Spalling depth mean value (mm)
Standard deviation (mm)
1mx1m
64
25
0.75 m x 0.75 m
68
16
0.5 m x 0.5 m
41
7
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MAIN TEST CAMPAIGN – RESULTS AND DISCUSSION
In order to compare the experimental results obtained with the mobile furnace and with the
standardized laboratory furnace we first compare hereafter the applied thermal loads provided by both
furnaces during the tests. Figure 7 provides the determined mean furnace temperatures for the 2A &
2B, 2C, 2D tests compared to the HCinc temperature curve.
The mean temperature curve during the test carried out in the standardized furnace is lower than the
HCinc curve until about 30 min. After this delay, the temperature is close to the HCinc curve. The
mean temperature curve during the test carried out with the mobile furnace follows the HCinc
temperature curve during the first minutes. The temperature decreases after 1 min and is lower than
the HCinc curve until about 30 min. At 33 min a piece of insulation material used to protect the upper
surface of the furnace hood near the concrete slab fell down and partially protect the 1.0 m by 1.0 m
concrete area and the thermoplates during about 10 min. The temperature drop can be observed in the
figure. After removing the insulation material (52 min), the temperature raised again closer to the
HCinc curve. We can conclude that, even if the furnace temperature curves during the 3 tests deviate
to some extend from the HCinc curve, the pattern are comparable and the applied thermal loads for
the 3 tests are similar.
Gas temperatures inside the furnaces

1400

HCM

1200

Temperature (°C)

1000

loss of
insulation

800

Mobile (2D)

Horizontal (2C)
Horizontal (2A & 2B)

600

Horizontal furnace (2A & 2B)
Horizontal furnace (2C)

400

Mobile furnace (2D)

200
0

Figure 7

Theoretical HCM

0

30

60

90

Time (min)

120

150

Mean measured furnace temperatures during the 3 tests of phase 2

Main observations on the 4 slabs during the tests and spalling depths measured after cooling are
reported in Table 4. Pictures of the 4 slabs are given in Figure 8. We can clearly observe the
reinforcing steel bars which have been exposed to the fire. They are more uncovered in slabs 2A and
2D. The spalling depths measured after cooling are represented in Figure 9.
We can observe that mean spalling depth and standard deviation of slabs 2B (65 mm) is close to the
one of reference slab 2C (61 mm). Mean spalling depth of slabs 2A (114 mm) and 2D (83 mm) are
higher. Spalling of these two slabs is characterised by a phenomenon rarely observed. Spalling was
much more noticeable in a localized area which has led to the formation of a hole which dimensions
are approximately 30 cm x 30 cm. Maximum spalling depths in the holes are largely higher than in the
rest of the slabs. They are respectively 240 mm and 350 mm in the 2A and 2D slabs.
The peaks of the spalling depth distribution (most frequent measured spalling depths) are given in
Table 4. These peaks are higher in slabs 2A and slabs 2D. The most frequent measured values are
located between 90 and 115 mm in slabs 2A, between 75 and 90 mm in slab 2D. In slabs 2B and 2C,
they are between 60 and 80 mm.
The following deductions can be drawn from the test observations.
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Scattering of the results
Although slabs 2A and 2B have been casted with the same concrete, stored with the same curing
conditions and exposed to similar thermal loads, spalling depth distributions are different. This result
is related to the well-known scattering of spalling phenomena. Spalling of slab 2B is close to the one
of slab 2C (reference slab). Spalling of slab 2A is more important.
Comparison between protected slabs and reference slab
Spalling depths measured on the 3 protected slabs with 1.0 m x 1.0 m uncovered section are equal
(2B) or higher (2A and 2D) than the depths measured in the reference slab (2C). In the slabs 2A and
2D, we have observed the formation of a hole. These results tend to show that spalling depths can be
more important when concrete slab is partially protected. This could be explained by the increased
compressive stress in the exposed area induced by the increased restrain due to protected (and then
colder) surrounding concrete. Influence of restrain and applied compressive load on spalling has been
reported by several authors [7, 8].
Comparison between mobile furnace and traditional furnace
Spalling depth distribution of slab 2D (mobile furnace) lies between those determined on the slabs 2A
and 2B. The formation of a hole due to a localized more important spalling has been observed in the
slab 2D as in the slab 2A. Spalling depth of slab 2D is larger than the one of the reference slab tested
in a traditional furnace (2C).
The scattering of our results makes the conclusion more difficult. However, spalling depth distribution
for the slab tested with the mobile furnace remains similar or larger than of the depth distribution of a
reference slab tested in a traditional furnace. This result tends to show that in situ tests are more
severe that laboratory tests. Moreover, as explained in the introduction, the representativeness of the
real condition (composition of concrete, water content, pore pressure, geometry, mechanical stress,
restrained thermal expansion, boundary conditions...) is a very important factor when assessing
concrete spalling. This constitutes an important advantage of the mobile furnace.
Table 4

Spalling observations, spalling depth mean values and standard deviations

Slab
reference

Furnace

Slab 2A
Slab 2B

Lab.
Lab.

Slab 2C

Lab.

Slab 2D

Mobile

530

Exposed
area (m)
1x1
1x1
Non
protected
1x1

2 min
2 min

Mean
spalling
depth
(mm)
114
65

2 min 30 s

61

20 s

83

Starting
spalling
time

Max
spalling
depth
(mm)
240
90
100
350

Standard
deviation
(mm)

Spalling
depth peak
(mm)

54
18

90 – 115
65 – 80

12

60 – 75

38

75 – 90
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2A

2B

2C
Figure 8

2D

Pictures of the 4 slabs after 2 hours HCinc temperature curve exposure and cooling.

2A

2B

2C

2D

Figure 9

Measured spalling depths in mm of the 4 slab.

CONCLUSION
This paper describes the design of a new mobile oil-fired furnace at CSTB. The furnace allows testing
samples in vertical orientation with a maximum heating capacity of 1300 kW. An experimental
program was defined to confirm the ability of the mobile furnace to assess in-situ the concrete
spalling sensitivity of large-scale structures such as tunnels.
531

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

In a first phase, the research was organized to investigate the optimum uncovered concrete section to
be tested with the mobile furnace. Three sections were tested (1.0 m x 1.0 m; 0.75 m x 0.75 m; 0.5 m
x 0.5 m). From the obtained results and by taking into account constraints related to transport,
handling operations, and repair of the structure after an in-situ test, it has been concluded that the
optimum specimen section of concrete to assess spalling with the mobile furnace shall be of 1.0 m x
1.0 m.
Next were compared results between the mobile furnace and a traditional furnace. The results tend to
be scattered but remained in the same range between the two test facilities. Hence, we could conclude
that in-situ tests (using a mobile furnace) appear as a convenient method to assess tunnels in fire
conditions. As pointed out, in situ test provide the large advantage of a good representativeness of the
real condition which is a very important factor when assessing concrete spalling.
We have also shown that spalling depths can be more important when concrete slab is partially
protected. This could be explained by the increased compressive stress in the exposed area induced by
the increased restrain due to protected (and then colder) surrounding concrete.
As a next step of the research program, the new mobile fire furnace will undergo validation tests in
real tunnel situation.
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ABSTRACT
This project deals with the wide-ranging program of modernisation of the 6 km covered roadways
engaged by EPADESA in the district of “La Défense” near Paris (France). The group EGIS
Tunnels/EFECTIS France carry out a diagnosis of fire resistance of the structure of these covered
roadways, using both the conventional approach and the Fire Safety Engineering (FSE). The FSE
method presents real advantages compared to the conventional approach: it allows reflection on the
nature of the risks and ways of reducing them, treating the singularities in a relevant manner and
adopting an appropriate response for each structure considered.
KEYWORD: structural investigation, fire resistance performance of elements, standard approach,
fire safety engineering
INTRODUCTION
The district of “La Défense”, located on the western Paris area, is the largest European Business
District with 3.12 million m2 of office-space. This district receives 2 500 companies, representing
180 000 employees and 71 high-rise buildings.
It was developed during the 60’s on the principle of separation of the flows of persons and
merchandises. The surface of the slab is dedicated to pedestrians. Under the slab, the covered
roadways are mainly dedicated to the transportation of merchandises. Furthermore, some roadways
are used for the traffic of buses and taxis or road traffic, and constitute access to the underground
parking lots.
Even if the concept of flow separation protects pedestrians from the road traffic, the morphology of
the district raises questions about the safety of the covered roadways. The continuity of services
represents challenges due to the economical weight of the district.
For these reasons, the Public Planning Authority of “La Défense” (EPADESA – Établissement Public
d’Aménagement La Défense Seine-Arche) has started a wide-range program of rehabilitation of 10
covered roadways mainly used for delivery services of the high-rise buildings. The group EGIS
Tunnels / EFECTIS France was constituted to carry out a diagnosis of the fire resistance of the
structures of these 10 covered roadways. This study is composed of two parts:
• The determination of the fire rating of the structures using conventional methodology based
on standard temperature-time curves;
• The determination of the fire resistance duration of the structures using Fire Safety
Engineering (FSE) based on realistic fire scenarios.
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The aim of this study is to determine the parts of the covered roadways that would necessitate passive
protection measures.
METHODOLOGY OF THE STUDY
The first part of this study is an analysis of performances of fire resistance of the structures by
comparison with the French regulatory requirements for the roadway tunnels ([1], [2]). This analysis
is realized under the conventional fire curves: standard fire curve (ISO R834 [3]) and HCM curve
([1], [2]). In order to complete this usual prescriptive approach, the second part of this study is based
on FSE approach.
The FSE study performs for each roadway the more critical yet realistic fire scenario (i.e. the one
implying the highest heat load) and analyzes its consequences on the thermal structure resistance.
Defining the critical fire scenario in each roadway consists in defining the composition of the
combustibles and the external factors influencing the fire growth in order to extract heat release-rate
(HRR) curves, and finding the position(s) the most unfavorable regarding the heating up of the
structure.
The study is made on 10 roadways which are very different: either real road tunnels, delivery paths
for the shopping center in which large heavy good vehicles (HGV) may transit or access to parking
lots. The way each roadway is managed may also very different. The methodology chosen is based on
a summary table including all the criteria impacting the choice of the critical scenario (or scenarios).
The criteria are classified in three categories:
a.
The external factors that can be controlled and managed, either by regulation or by
exploitation measures issued by the owner(s) of the tunnel. They include: the nature of traffic (in
particular the size, weight and nature of the load), the smoke management system, the fixed
firefighting equipment such as sprinklers, the reliability and rapidity of the fire detection, the
reliability and rapidity of the firefighters , the possibility to close the road (hence preventing the
propagation of the fire to other vehicles and facilitating the intervention of firefighting squads) and to
prevent the smokes to spread to neighbors (another tunnel or a close building.)
b.
The external factors that the roadway undergoes, which cannot be controlled unless radical
changes are made in the tunnel. They include: the natural air flow due to wind and meteorological
conditions, the risk of traffic jams inside or around the tunnel, the use of the tunnel (transit, unload or
parking), the dangerous users behaviors (illegal parking, frequent wrong way entry) and the pollutions
or risks induced by a third party (storage of dangerous goods such as flammable gas or oil, garbage or
bulky waste dumping, cardboard stockpiling).
c.
The geometrical factors. They include: the volume of the tunnel or the zone considered, the
aerodynamics factors such as stagnation areas or openings to the exterior, the sewing system, the
technical and storage areas nearby toward which propagation of the fire is possible.
NB: The malicious arsons and accidents are excluded from this study.
After an analysis of the different criteria, a realistic scenario is determined. This scenario defines the
type of vehicles implicated, as well as the tunnel zone in which the fire is more likely to occur and the
associated ventilation conditions.
GEOMETRICAL DATAS
The structures of these roadway tunnels are composed of reinforced concrete elements (beams,
columns, slabs and walls). The geometrical data are issued of an analysis of structural plans
(formwork drawings and reinforcement’s drawings). The structural plans were drawing mainly in the
60s and 70s, and a large research in the Department of Archives was needed to found it.
Some plans or some data are missing, so a campaign of structural investigations is realized to
complete the structural data. Two types of investigations are considered
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•
•

Non-destructive auscultations (with a radar material) in order to find the concrete cover of the
main rebars;
Destructive auscultations in order to find the type of rebars.

DEFINITION OF THE HEAT-RELEASE CURVES
The different types of vehicles studied have been chosen in accordance with the specific scenarios
defined for each road. For each vehicle, the study consisted in the description of the vehicle and its
load, the calculation of the total fire load, the description of the fire kinetic and the construction of the
corresponding time-dependent heat release rate curve.
Details of the case of a 19 tons HGV
The case of a 19 tons HGV is detailed here because it represents the maximal load for the most
covered road of the EPADESA which are limited to the maximal height of 3.5 m with only two axes.
The methodology distinguishes the main body of the vehicle and its load for the definition of the
source terms.
The main body consists in 6 combustible parts: the driver’s cab, the lubricants, the cables and pipes,
the fuel tank, the bodywork (paint and plastic elements) and the tires. The values used for the weight
and the combustion heat of each element come from technical documentation issued by manufacturers
of this type of vehicle.
In particular, the following elements were considered:
•

Fuel: the value of 36 MJ/liter is used for gasoline. The tank capacity varying from a vehicle to
another, the chosen value is an average value unless stated otherwise (most penalizing case).

•

Tires: even though the tires are quite different from a model to another, it can be considered
that they are constituted with 2/3 of rubber with a combustion heat of 33 MJ/kg and 1/3 of
inert material. This represents an average calorific capacity of 25 MJ/kg.

•

Driver’s Cab: it is constituted with various combustible materials but no detailed information
was available on this subject. Nonetheless, literature (CETu 2005) mentions that the tractor
trailer of a 19 tons truck without load has a total fire load of 7000 MJ for an approximate
weight of 350 kg. It can be deduced that the average combustion heat is about 20 MJ/kg.

The load of the truck was chosen to be the most unfavorable (i.e. the most combustible) while
remaining realistic given the possible good transiting through the covered roads of La Défense. For
this purpose, a study of the transported merchandise was used, completed with in situ observations. In
many cases, the worst case scenario was a load of furniture mostly made in wood and plywood, which
is highly combustible, can be carried in large quantity and in a way that allows fresh air to fan the fire.
In the case of discharging area for shops, the worst case can be a load of electronics made in plastics
or of clothing made in cotton and polyester.
Table 1

19 tons HVG – Calorific capacity.

Miscellaneous
Components (paint, cables,
lubricants…)
Quantity
Calorific
capacity
Assumption
on partial
combustion
Calorific

Tires

Tank
(diesel)

Load
furniture
(wood)

350 kg

6 tires
x 60 kg

400 L.

7 800 kg

-

20 MJ/kg

27 MJ/kg

36 MJ/L

16 MJ/kg

90%

80%

90%

95%

100%

1 800

5 600

9 000

13 680

125 000

Driver’s
cab

-

TOTAL

155 080
535

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

load (MJ)
% total load

1%

3%

6%

9%

81%

The fire kinetics of the combustion has been established for each combustible element (both main
body and load). During combustion, three stages are distinguished: first the heat release rate increases,
then a time steady state is reached before the heat release rate decreases again, but slower than it rose.
Data come from literature or trials observations (Eureka 1995).
The kinetics of the vehicle fire is defined starting from the usual source of the fire, which are the
cables and pipes from the motor’s compartment, propagating to the other combustible elements.
The HRR-time curve is obtained by auditioning the curves of the different combustible elements
following the kinetics of fire propagation from an element to another. Then, the final curve of the
scenario may be linearized for an easy use during calculations.
Table 2

19 tons HVG – Cinematic of the fire.
Cables &
pipes

Ignition
(min)
Increasing
time (min)
Plateau’s
length
(min)
Decreasing
time (min)

Paint &
bodywork

Oil &
lubricant

Driver’s
cab

Tires

Diesel

Load

T0 + 10

T0 + 10

T0

T0 + 2

T0 + 2

T0 + 5

T0 + 10
(front)
T0 + 20
(rear)

5

3

3

5

3

2

5

-

-

-

30

40

30

60

15

9

9

15

9

6

15

Compiling the previous information, the following curve HHR - time can be drawn:

Heat Release Rate (MW)

Figure 1

19 tons HGV – HRR curves.
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It is usual in this type of study to use a long time steady state such as in this curve. However,
experiments (cited in [3]) show the presence of a peak of heat release rate at the beginning of the fire
before it decreases to a time steady state In accordance with studies from Lönnermark (described in
[4]), the length of the peak is around 5 minutes, the increasing rate is 20 MW/min and the maximum
HRR of the peak is 100 MW. However, in order to keep the total fire load, the length of the steady
state is shortened by 10 min. A sensibility study has been made in order to determine whether the use
of a more realistic curve has an impact on this kind of study.
Summary for every vehicles
The same methodology was applied to all of the other vehicles considered during this study. The
results are presented in the table 3.
Table 3

Calorific capacity for different types of vehicles.

3.5 tons
7.5 tons
HGV 19 tons
HGV 26 tons
HGV 35 tons
Public bus

Total calorific
load
[MJ]
28 800
43 200
155 000
232 000
330 000
36 400

Platform
[MW]

Platform length
[min]

10.5
19
37
58
100
14

17
19
57
66
40
26

These results will be used as input data for the fire modeling and the calculation of the heating up of
the structure.
FIRE DEVELOPMENT CALCULATIONS
In this part, the fire development in each roadway has been simulated using the FDS (Fire Dynamics
Simulator) software for all scenarios. FDS is developed by NIST (National Institute of Standards and
Technology [5]). FDS has been especially developed to treat the problematic of smoke movement and
fire inside buildings.
Parametrical study
Due to the important number of underground structural elements to study, a parametrical study has
been accomplished in order to validate different hypothesis and to reduce computational time.
The parametrical study has been performed on the East return of “Sculpteurs road tunnel” (allowing
vehicles to go to another underground road). The East area has been chosen because its height is low
(4.2 m).
In the East return of “Sculpteurs road tunnel”, the design fire scenario is a HGV 19 tons (Figure 2).
The main geometrical characteristics of the truck modeling are as follow: length 16.5 m, depth 2.5 m,
height 3.5 m. The heat release rate for the basic scenario is those of the HGV 19 tons with a maximum
heat release of 41 MW. The fire growth is given in Figure 1.
Using FDS, Cartesian meshes are employed for the model. All main structural details are taken into
account such as beams, columns … The global model used for the parametric study is represented on
the Figure 2. 7 meshes are used to well represent the different parts of the East return of “Sculpteurs
road tunnel”, such as the East return itself (3 meshes) the “Sculpteurs road tunnel” (2 meshes) and the
“Batisseurs road tunnel” (2 meshes).
537

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Figure 2

FDS model – East return of “Sculpteurs road tunnel” and its environment.

To maintain a reasonable size of the modeled domain, the “Sculpteurs” and “Batisseurs” road tunnels
have not been designed along their entire length. Therefore, the openings at the ends of these ways
have been placed at the ends of the domain being modeled. To take this hypothesis into account, an
aerodynamic coefficient of 0.5 was chosen for the openings whose location is different from the
reality, “virtual openings”. For other openings, the location is representative of their actual position,
“real openings”, an aerodynamic coefficient of 0.7 was used.
In order to assess the impact of the assumptions on the study, one can analyse the thermal action on
structures and the thermal heat transfer calculations. This second part allows analysing the impact on
structures taking into account the inertia of the concrete. When it is realized, a basic case is studied: it
corresponds to a concrete slab with a thickness of 0.2 m. Thermal properties of the concrete are
function of the temperature using Eurocode 2 part 1.2 rules; water content is equal to 1.5% and
convection coefficient and emissivity are those specified on the Eurocode 1(in situ hygrometric
measurements have been performed showing water content less than 2 %).
Studied parameters
In order to justify assumptions of the study using FDS, different parameters have been studied.
Due to the important scenarios to study for the whole road tunnels, it has been studied the possibility
to propose a shorter kinetics for the fire development in order to reduce the computational time with
FDS. This approach is possible because FDS is only used to determine thermal actions on the lining
of the road tunnel. This approach consists to conserve the heat release evolution of the fire but taking
into account a compression of time with a compression ratio of 5. Nevertheless, applying this
approach, it is necessary to adapt the thermal properties of concrete used with FDS in order to be
representative of the conductive lost inside walls and roof. Different thermal properties for walls have
been studied considering the standard properties (with volume mass of 2300 kg/m3; thermal capacity
of 1000 J/kg.K; Thermal conductivity of 1.6 W/m.K and thickness of 0.2 m) or the accelerated kinetic
fire (with volume mass of 2300 kg/m3; thermal capacity of 1000 J/kg.K; Thermal conductivity of
0.1 W/m.K and thickness of 0.05 m).
The influence of the heat release variations has been studied for analyzing effect of a heat release
peak, after observed during tests on vehicle fires. The question is to know if it is necessary to take into
account this peak or not for the different that are studied. The basic heat release rate is those of the 19
tons HGV with a maximum heat release of 41 MW. The second case includes on the heat release rate
a peak of 90 MW (5 minutes for the increase and for the decrease). It is also considered that there is a
conservation of the fire load for both fire developments. As a consequence, the fire duration is longer
for the basic case than for the fire development including the peak due to the consummation of fire
load during this phase (difference of 10 minutes for the fire duration).
Considering the size of roads tunnel and considering that the study consists to evaluate the worst
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thermal actions closed to a fire, all the physical geometry of a space is not taken into account for
engineering studies. Especially for the East return of “Sculpteurs road tunnel” which is in
communication with the “Sculpteurs road tunnel” and the “Sculpteurs road tunnel”, in order to keep a
reasonable computational mesh, only a partial length of theses tunnels is taken into account. Thus, if
the numerical model is located at the same model, the boundary condition can be placed at the real
location.
Three different size of mesh have been studied for the modeling: 0.125 m, 0.25 m and 0.50 m. This
range of size is defined to well represent both aerodynamic and combustion phenomena using FDS.
Conclusions of the parametrical study
The parametrical study has highlighted the weak influence of a heat release peak, at the fire
beginning, on variables (temperature and flow) which will be used to analyze the heating up of
structures. The hypothesis of heat release peak will not be considered when the different fire scenarios
will be defined.
Concerning the mesh size, the results show a weak sensitivity. Thus in order to maintain reasonable
computational time while properly representing the ventilation and combustion phenomena, mesh of
0.25 m in fire area and 0.50 m elsewhere will be retained for all road models.
The aerodynamic coefficient weakly influences results obtained above the fire area. However, this
coefficient plays on lateral thermal conditions: increasing the coefficient improves smoke
stratification and therefore reduces temperatures and flux in the lower part of the roads.
As many cases must be treated, it is explored in particular an approach of accelerated of kinetics to
reduce the computational time. The results of simulations with an accelerated fire kinetics (shorter by
5), obtained by adapting the concrete properties (“Concrete Accelerated kinetic material” to reach
faster a steady state), show good agreement with the reference case (real kinetic with concrete walls
(using thermal properties of Eurocode 2), while maintaining a safe approach.
It is therefore proposed to adopt this approach for all scenarios which will be defined for different
roads.
Application to a specific situation
For the application to a specific situation, the complete case of the return road tunnel between
“Sculpteurs road tunnel” and “Batisseurs road tunnel” is presented, which is the road tunnel that has
been selected for the parametrical study.
Main hypothesis for the determination of thermal actions
This paragraph presents a synthesis for main assumptions:
• Fire scenario: 19 ton HGV;
• Fire development: Accelerated kinetic;
• Walls properties: Accelerated adapted concrete;
• Boundary conditions:
o 0.7 Aerodynamic coefficient for virtual openings;
o 0.5 Aerodynamic coefficient for real openings;
• Meshes size: 0.25 m size for cells on the fire mesh, 0.50 m elsewhere;
• Modeling area : Fire area + vicinity
• No smoke ventilation
Expect this last item (no smoke ventilation) of the table, all other parameters are those focused during
the parametrical study. For all cases, it is also considered that even if smoke ventilation exists on the
road tunnels, it is considered malfunctioned. This is once again a worst situation for fire safety
because we focus on the maximum thermal actions closed to the fire.
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Thermal actions results
Results presented in Figure 3 give the evolution of thermal action (in terms of gauge heat fluxes) on
both roof area and wall closed to the fire.
Figure 3

Evolution of flux above the fire area as function of time.
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Examples of fire resistance analysis of a concrete slab
The fire resistance analysis of the structure of tunnel (slabs in this example) is based on numerical
models and advanced calculations according the Eurocode 2 part 1-2 and French National Annex. At
each time interval, the numerical models perform the analysis through two main steps:
• Calculation of the temperature distribution inside the concrete and the steel reinforcement,
when the structure is exposed to the real fire curve,
• Determination of the structural behavior of the slab by computing the deflections and the
internal forces (taking account the real mechanical charge of the slab).
These advanced calculations have been performed with SAFIR [6]. SAFIR is software developed by
the University of Liege (Belgium), based on the Finite Element Method (FEM).
A first example concerns a concrete slab with thickness of 15 cm and reinforced by steel bars (bottom
layer composed by 7 bars Φ12 per ml) with 25 mm of concrete cover. According the tabulated values
given in Eurocode 2 part 1-2, this slab is classified REI 90 (under ISO curve exposure). Under the real
fire curve, the heating up of the steel reinforcements reaches 470°C in maximum after 85 minutes of
exposure (Figure 4). The analysis shows that the slab stays stable during all the duration of the real
fire.
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Figure 4

First example (slab 15 cm of thickness) - Evolution of heating up of steel rebars.
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A second example concerns a concrete slab with thickness of 6 cm and reinforced by steel bars
(diameter 5.5 mm) with 10 mm of concrete cover. According the tabulated values given in Eurocode 2
part 1-2, this slab is classified REI 30 and do not respect the prescriptive requirements REI 120.
Under the real fire curve, the analysis shows that the slab collapses after 26 minutes of fire exposure
(Figure 5 and Figure 6). Further, this result is obtained without taking into account the spalling effect
of the concrete. For all these reasons, a fire protection should be applied on the slab.
Figure 5

Second example (slab 6 cm of thickness) - Evolution of heating up of steel rebars.
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Figure 6
0

Second example - Evolution of deflection of the slab under real fire exposure.
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Example 2

PARTICULAR CASE OF ROADWAY TUNNEL WITH HEIGHT > 3.50 M
One of the roadways tunnels of “La Défense” is a particular case because its height is higher than
3.50 m. The French regulatory requirements for this case include an exigency of structural stability
under the HCM fire curve exposure. Then, the spalling behaviour of the concrete need to be
investigated. As part of this program, fire tests under HCM curve are expected and will be carried out
in situ with a mobile furnace.
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Emergency response and fire related analysis as part of an
engineering evaluation of a new “tunnel like” concrete
structure as recommended in NFPA 502
Hubert Dubois
CIMA+ Consulting Engineers
Montreal, Canada

ABSTRACT
In Canada, there are currently no specific regulations for road tunnels; there are no standards that
would be equivalent to the American NFPA 502 [1] or the European Directive [2] on Trans European
tunnels (April 29th, 2004). The 2011edition of the NFPA 502 “Standard for Road Tunnel, Bridges and
Other Limited Access Highways” [1] says that “regardless of tunnel length, acceptable means shall be
included within the design of the tunnel to protect all primary structural concrete and steel
elements…”. In the spirit of the NFPA 502 [1] and the good practices, an engineering evaluation is
required to determine the measures that need to be implemented in order to ensure the safety of the
users and the protection of the structure. The scope of the measures is defined by the characteristics of
the traffic and the emergency response in the case of fire.
An adapted worst case scenario has been established based on the traffic analysis and the probability
and seize of the fire which may occur in the tunnel. The response of the fire brigade and the access to
the fire, were then evaluated to determine the effectiveness of the firefighting when compared with
the development of the fire.
The protection of any tunnel structure depends on the specific characteristics which allow establishing
an overall fire scenario and then the temperature at the surface of the concrete. The level of protection
of “tunnel like” structures depends on such characteristics. The definition of the temperature gradient
across the sections, acting as temperature load on the structure becomes more routinely aspect of the
procedure.
KEYWORDS:

Specific Hazard Investigations, performance approach, risk analysis, emergency
response, fire scenario, firefighting, design fire, fire curve, temperatures.

ENGINEERING EVALUATION
The proper determination of the fire scenario and the resulting temperatures should be done through
an engineering evaluation and include relevant aspects of the traffic related to the case under
consideration. This kind of evaluation was done recently for a newly designed concrete structure
under a major highway crossing Montreal and having some characteristics of a tunnel of categories X
or A according to the NFPA 502[1].
The initiative of the Ministry of the Transportation of Quebec to include a fire related analysis in the
design of a “tunnel like” structure reflected the desire to ensure an appropriate level of protection
based on a rational analysis and not on “a blind implantation” of the NFPA502 [1] requirements.
The risk assessments done in the last years for two major tunnels in the Montreal region (one crossing
the St-Lawrence River and the other under the city core) helped to develop an understanding of the
wide range of topics related to the matter [3].
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CHARACTERISTICS OF THE STRUCTURE
The concrete structure presented in the paper is about 35 m wide and covers ± 90 m long “tunnel like”
sector of a two lane highway plus an adjacent access road. Both parts of the highway are separated by
a line of columns which support the roof of the structure and are spaced 3 m.
The characteristics such as presented in Table 1:
- location of the structure and its environment
- relatively large portals compared to the length of the “tunnel like” structure,
- open space between both parts of the highway,
- presence of the fire hydrants along the road,
- emergency response of the fire brigade in relation to accessibility;
made of the newly designed structure an excellent case for an implementation of the engineering
evaluation to determine how those parameters could help reducing the risk of a major fire and
ultimately limit or even eliminate the needs for protection of the structure. The “tunnel like” structure
is shown in Figure 1.
Table 1- Technical data
Tunnel

Ramp D

Ramp N

90 m for common pa rt

Hei ght

5,1 m

5,1 m a nd more

156 m for ra mp D, 118 m for ra mp N

Speed a l l owed

70 km/h

45 km/h

Sl ope

Ra mp D : ma x +4 %, Ra mp N : +4,2 %

Ci rcul a ti on pa th

2 l a nes of 3,7 m

1 l a ne of 5 m

Tota l wi dth

a bout 30 m

Wi dth

a bout 15 m

About 15 m

Tota l l ength

Figure 1- The “tunnel like” structure: sections
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TRAFFIC ANALYSIS
The traffic analysis presents data and results of the theoretical evaluation of the potential and
frequency of the fire according to the method of the CETU) [2]. The intervention of the fire brigade is
also included in the analysis.
ANTICIPATED FLOWS OF TRAFFIC
The annual average daily flow (AADF) anticipated is 44 899 vehicles and 13 389 vehicles for lanes D
and N respectively; the lanes are shown in the cross section on Figure 1. From those anticipated
annual flows, hourly flows were calculated and they are presented in Table 2. From the AADF we
have established the truck traffic as shown in Table 3.
Table 2- Hourly traffic flow
AM (veh. /hr)

PM (veh. /hr)

Ramp N (local link)

1 090

800

Ramp D (highway link)

3 490

3 300

Table 1 – AADF and heavy weight vehicles
Total AADF

AADF Heavy weight vehicles

% HT

Ramp N (local link)

13 389

843

6,3 %

Ramp D (highway link)

44 899

3 255

7,2 %

So, the main findings in relation with the traffic flows (AADF and hourly flows) are:
• The ramp D is much more busy than the ramp N, because it constitutes a major motorway link;
• The rush hours in the morning and afternoon are of the same order (slightly more in the
morning);
• The rates of heavy weight vehicles are similar for both ramps
It is important to note that for heavy weight vehicles, no data were found for those with dangerous
goods.
RISK ANALYSIS OF INCIDENT IN THE “TUNNEL LIKE” STRUCTURE
Before calculating the likelihood and the frequency of fires in the tunnel like structure, it was decided
to analyze the overall risks of incident. The ramp D was found to present more risk than ramp N,
because of:
• Two traffic lanes in operation
• Higher speed;
• Higher flow of heavy weight vehicles;
• Higher traffic in the morning rush hours
Therefore, the calculation of the likelihood and frequency of fire was limited to the ramp D.
LIKELIHOOD AND FREQUENCY OF FIRE
The analysis in this section is based on the European concepts, In North America, the statistics of
accidents in tunnel are rare, In France, where we count hundreds of tunnels, the fires in tunnel are
listed and statistics were established by the CETU [4] expressed in 100 million vehicles-kilometers.
The rates are presented in Tables 4 and 5 and they correspond to the road tunnels in urban zones with
strong slopes and curves. The CETU [4] also defines rate of occurrences of fires in a tunnel after
collision, they are shown in Table 5.
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These values are used for calculation of the frequency of fires in tunnels of this type.
Table 4 – Rate of fires by 100 million vehicles-kilometers - CETU [4]
Type of vehicles

Rate of fires by 100 million vehicles-kilometers

Light vehicles

2

Heavy weight vehicles – Bus

from 1,5 to 4,5

Table 5 – Rate of fires after collision by 100 million vehicles-kilometers – CETU [4]
Type of vehicles

Rate of fires after collision by 100 million vehicles-kilometers

Light vehicles

0,07

Heavy weight vehicles – Bus

0,05

According to the CETU [4], approximately every thirty fire is caused by collision. The rates of
occurrence are thus 30 times less than the global rates of the table 5. The annual frequency of fires for
a tunnel can be expressed by the following formula Eq. (1):
F = Rate x 10-8 x (365 x AADF by ramp x tunnel length)

(1)

The formula Eq. (1) represents the rate of occurrence by the number of kilometers traveled annually in
the tunnel for a particular type of vehicle (cars and trucks). The calculation is similar for the annual
frequencies of fires resulting from collision shown in Table 6.
Tableau 6 – Annual theoretical frequency of fires
Vehicles type

Global

After collision

Ca rs

0,047 or 1/21 yea rs

0,0017 or 1/588 yea rs

Hea vy wei ght vehi cl es

0,008 or 1/125 yea rs

0,0001 or 1/10 000 yea rs

Tota l

0,055 or 1/18 yea rs

0,0018 or 1/556 yea rs

Thus, by applying the rates of the CETU [4] to the ramp D of the tunnel an annual frequency of fires
of 0,055 fire / year was estimated for any type of vehicle. Among these frequencies, 0,008 fire/year
implies a heavy weight vehicle or a bus. In other words, the global rate of 0,055 fire/year corresponds
to 1 fire in every 18 years and the rate after collision of 0,0018 fire/year corresponds to 1 fire in every
556 years.
The global probability of a fire is thus present (every 18 years), but the probability of a truck fire is
very low (1/125 the years) and it is even less than the fire of a truck resulting from collision (1/10 000
years). The chances that this type of fire would imply trucks transporting hazardous goods are even
lesser based on the French statistics, only one truck on twenty transports this type of goods.
EMERGENCY RESPONSE
One of the main factors bound to the emergency response is the proximity of fire stations. The
firemen are moreover the first responders in the emergency situation. In our case, three fire stations
are close to the tunnel like structure as shown in Table 7.
Tableau 7 – Distance and time of response of fire stations nearby
Fire stations

Rough distance (travel time)

Fire station 1

2,15 km (4 min 54 s)

Fire station 2

3,65 km (6 min 54 s)

Fire station 3

2,18 km (5 min 4 s)
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So, fire stations 1 and 3 offer the best times of intervention, with average response time of five
minutes.
TRAFFIC ANALYSIS HIGHLIGHTS
The main highlights of the traffic analysis are:
• The annual frequency of fires in the ramp D of the tunnel like structure is 0,055 fire/year for
any vehicle types (every 18 years);
• The ramp D is more likely to be critical for the development of an emergency situation
because of the traffic , higher speeds and the presence of many trucks;
• The first responders would reach the ramp D via the ramp N and access the tunnel from there
• The response of firefighters would be relatively fast and within five minutes from the event
identification.
DETERMINATION OF THE FIRE SCENARIO
The analysis of the traffic data and the determination of the probability and potential of the fire were
done based on the “Guide to Road Tunnel, Safety documentation - Specific Hazard Investigations”
September 2003 by the CETU [4]. The existing data and the long term forecast for the traffic were
reflected in the analysis. The geometry of the tunnel was considered in parallel to the fire size to
choose the curve representing the condition within the “tunnel like” structure. The efficiency of the
firefighting was reflected in the growth of the fire curve and then used as parameter in the analytical
simulation to determine the temperatures.
MITIGATION MEASURES
Some mitigation measures were already planned around the tunnel to reduce the potential risks in
ramp D and N. These measures are among others as follows:
•
•

24/24 cameras of video surveillance with incident detection
Fire hydrant in tunnel with chemical extinguisher

ADAPTED SPECIFIC HAZARD INVESTIGATION
A worst case scenario is a suite of plausible events leading to a fire which would occur in the tunnel
considered in the study. The worst scenario was developed to see the impact of such an event on the
infrastructure and the users, in particular. The scenario implies different players: road users, operators
of the tunnel, road supervisors, emergency services, etc.
An elaboration of the worst case scenario involves professionals from different domains: such as
traffic, ventilation, structure, etc. The multidisciplinary approach allows juxtaposing in a most
objective way in a graph space-time all relevant events creating an easy to read picture of the
scenario. This procedure is strongly recommended by the PIARC [7]
• One of the objectives is to visualize the interrelations.
• Another is to identify the mitigation measures which can reduce the potential risk factors
To follow an approach inspired by the CETU [5] it is thus advisable to:
• Choose a design fire;
• Propose an adapted worst case scenario;
• Analyze the temperatures generated by the fire;
• Represent the adapted worst case scenario in the "space-time" graph.
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DESIGN FIRE
The first stage of the approach consists in defining the design fire. To do so, the choice of the vehicle
should be done. This choice is made based on the traffic study and has to represent the most plausible
event even if the probability is low. The choice of the design fire allows to estimate the consequences
of an event in terms of its impact on the structure and the users. In the case of the “tunnel like”
structure discussed in this paper, the context is the following:
1. A heavy traffic highway is just over the tunnel like structure and it constitutes a main link
with the city center. We can consider that the loss of the structure further to a fire is to be
avoided.
2. The evacuation of the users is made quickly by the fronts of the “tunnel” as the tunnel-like
structure is short. The safety of the users in the structure is not thus a problem. On the other
hand, vehicles and their passengers circulating above, on the highway, could undergo the
consequences of the loss of the structure.
A first option would be to choose a vehicle such as a car corresponding to a fire power from 5 to 15
MW. This option although plausible could cause limited damage to the structure if the emergency
response is quick and the fire is easily brought under control. A second option implies the choice of a
delivery truck with a potential fire in the order of 30 MW. This option presents certainly a bigger
calorific load which should lead to significant damage in the structure in the case the fire fighters
would not succeed within a reasonable delay.
Another option is to consider a trailer truck as the ramp D is a link between two highways. This type
of truck is more representative for the current highway link. The firepower of a trailer truck can be
considered as approximately 50 MW. According to the traffic study, a fire of truck in the tunnel
presents a potential risk of 1/125 the years. Besides, the recurrences lower than these thresholds were
not considered:
• Fire of truck transporting hazardous materials (1/2 500 years)
• Fire of a truck after a collision (1/10 000 years).
These risks seemed too low to be retained for the study. The analysis has thus concerned the
spontaneous fire of a trailer truck with a rate of maximum heat release of 50 MW. The following
hypotheses were considered to define the curve of the design fire, based on the curves standardized by
the CETU:
1. The maximal rate of release of heat attributed to the vehicle and to its cargo was 50 MW;
2. The development of the fire corresponds to a fast curve and the heat release reaches its
maximal rate after 10 minutes;
3. After 50 minutes, the rate of the heat release of decreases gradually during 20 minutes until
the fire is consumed;
4. The energy released during the fire was 165 000 MJ.
The data of the curve of the fire growth is presented in the table 8.
Table 8: Data of the design fire retained
Time (min) Power (MW)
0
10
14
50
70
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0
50
50
50
0

Energy released (MJ)
0
15000
12000
108000
30000

Total (MJ)

165000
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ADAPTED WORST CASE SCENARIO
HYPOTHESIS
In the case of the tunnel like structures, the delay for the emergency response is critical. It was
established that the fire brigade can be on site within 7 minutes after the detection of the fire
according to the following:
• Detection of the incident: 1 minute (by operators in the control room via camera);
• Travel time of fire brigade: 5 minutes;
• Mobilization on the site: 1 minute.
As result of a quick response, the fire after 7 minutes is limited to 35 MW and not 50 MW.
EFFECT OF INTERVENTION OF FIRE BRIGADES
A hypothesis was also formulated regarding the efficiency of the intervention of a fire brigade. In the
literature, such impact on the fire is not really quantified. However, the impact of sprinkler on a fire in
a tunnel is known and generally estimated as 40 % of reduction of the power of the fire. As a fire
brigade attacks in a more efficient way focussing on the source of the fire, the efficiency could turn
out to be superior. To remain conservative, 40 % was considered as reduction. The total energy
released by the fire was then reduced by 165 000 MJ.
Figure 2 presents the curve of heat release for the design fire (dotted line) and the revised curve (solid
line) considering the intervention of the fire brigade. This curve can be considered as conservative and
has for essential purpose to establish the temperatures near the fire and to confirm the possibility that
the fire brigade can really fight the fire.

Figures 2 and 3: Curves of heat release for the design fire considering the extinction by fire brigades
It can be considered that the intervention of fire brigades could allow extinguishing the fire of a truck
within 15 min. Based on this hypothesis, the curve of fire appears as shown in Figure 3; it is indicated
on the curve (solid line. The curve of the heat release for the design fire, considering the extinction of
the fire by fire brigades in a reasonable delay was confirmed by examples of videos of real fires be.
Examples of firefighting videos were found on YouTube showing the response time reaching from 2
to 9 min. the summary is in Table 9 below. As a summary, the table 9 below show some reference
videos where the fires were mastered by fire brigades.
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Table 9: Reference videos of firefighting mastered by fire brigades
Fire description

Time of firefighting on video
Begin

End

Duration

“Horrific Semi Truck Fire in front of Hyundai (Raw Video) 14th June 2011”

1:10

4:03

2:53

“Weatherford Fire Department - Truck Fire January 13 th 2010”

1:22

9:51

8:39

“5AM truck fire in Anthem Arizona Burning truck slams into Firetruck”

0:16

6:05

5:49

“TA TRUCK FIRE TAMPA SEFFNER”

0:12

8:02

7:50

“Greyhound bus on fire”

2:36

4:47

2:11

CALCULATION OF THE TEMPERATURES
Based on the fire curve established via the fire scenario a FDS (Fire Dynamics Simulators) model was
created to represent the structural system and an analysis was performed to determine the temperature
at the surface of the structural elements. The influence of the wind was added in the simulation.
INTERVENTION OF THE FIRE BRIGADES
The first objective of the temperature analysis was to validate the possibility for the fire brigades to
intervene to fight the fire. Two variables limiting fire brigades in their approach of the fire: the flow of
radiation and the air temperature. A radiation of 8 kW/m2 and 60°C, are the limits considered for an
intervention. The following figure 4 shows the radiation observed at the time of the peak supposed for
the intervention. The black colour corresponds to a radiation of 6 kW/m2 which is below the
acceptable limit of 8 kW/m2.

Figure 4 Radiation observed at the time of the peak of heat release
The calculation of the gradient in the thickness of the concrete consists of the resolution of the general
equation for the temperature loads CETU [5]. The thermal properties are dependent on the
temperature and the relations of the standard EN1992-1-2 (Eurocode 2: Design of concrete structure Part 1-2: General rules - Structural fire design) [10] were used for calculation of the gradients.
To perform the gradients analysis, 3 curves temperatures-time were produced; they corresponded to
the gauges 1, 2 and 3. Curves temperatures-time at the surface of the concrete used for the
calculations is shown in Figure 5.
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Figure 5 Curves temperatures-time on the surface of the concrete
Figure 6 shows the curves of gradient in the thickness of the concrete for various in timeframe (7, 12,
22, 30 minutes) reflecting the development of the fire, Only the first 200 millimeters are shown, the
temperature being constant afterward

Figure 6 Curves of gradient in the thickness of the concrete
The heat penetration in the concrete is a slow process and the temperature on the surface has already
clearly reduced.
For the gauge 1, located over the fire and in the most exposed zone, we observed that the temperature
of 400°C does not reach the 25 mm depth. Also the rebar located at 75 mm depth, was not affected by
the heat the temperature remained under 150°C
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SYNTHESIS OF ENGINEERING EVALUATION
The adapted specific hazard investigation conducted as an engineering analysis led to the following
conclusion for the “tunnel like” structure discussed in this paper:
1. The choice of a design fire of 50MW implying a trailer truck was reasonable for the “tunnel like”
structure
2. In the case of fire, the evacuation of the users is quickly made by the portals because the structure
is short.
3. The detection system of and video surveillance allows a fast detection of the incident and
minimize the delay for response of the fire brigade.
4. Because of the configuration of the tunnel like structure, the response of fire brigades is rapid
5. Due to this response, the curve of initial growth of the fire is modified and reduced to 35 MW.
6. After 7 minutes the temperatures are of the order of 1200°C in the ceiling over the fire. Further to
the response of the fire brigade, the temperature quickly decreases to 700°C. The fight of the fire
brigade is focussed on fire the fire is rapidly brought under control
7. The temperatures indicate that a light superficial damage is possible
8. For such fire, the impact of the rise of temperature on the structures will be limited, it remains
however that the thermal gradients at the beginning of the fire remain relatively high in the part of
concrete elements exposed directly to the fire.
FINDINGS
The engineering evaluation performed for the “tunnel like” structure discussed in the paper allowed to
reflect all parameters relevant for the calculation of temperatures on the surface of different elements
of the concrete structure. The temperatures reached within the “tunnel like” structure were much
lower than the temperatures normally considered for tunnels based on the RWS curve. The duration of
those temperatures was also significantly reduced due the response of the fire brigade which could be
compared in terms of efficiency to the suppression systems.
The engineering evaluation allowed to conclude that the passive protection is not required as propose
mitigation measures will be put in place and the plan for fast emergency response is set up.
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Realisation of Fire and Intrusion Protection at the
“Diabolo” Train Tunnel Complex at Brussels Int’l Airport
Lieven Schoonbaert & Stijn Eeckhaut
Belgian Railways Group, ICT department, ICTRA.114 “Tunnel Technology”
Tweestationsstraat 82, B-1070 Brussels, Belgium

ABSTRACT
Between October 2007 and June 2012, the Belgian Railways Group and its partners built a new
railway tunnel under the main runway of Brussels Airport, to unlock the – also enlarged - station from
the unidirectional connection that was available at that time. To facilitate evacuation, intervention and
rescue in this newly built 4km long infrastructure of the so-called Diabolo project, we designed an
automated fire scenario system which is part of the tunnel’s and station’s safety concept based on EU
Directive 2001/16/EC, NFPA 130 and UNECE TRANS/AC.9/9. Furthermore we implemented access
control and intrusion detection as part of the complex’ security concept. In this paper we present our
design and our experiences of setting up the system. We also present our real “burning” train test,
which took place during the commissioning phase of the project and was a unique opportunity to test
the system’s response to “a train on fire” entering the tunnel complex.
KEYWORDS: automatic fire scenarios, tunnel technical installations, centralised incident
management, control room, real train fire test, active smoke control, dynamic evacuation guidance
THE DIABOLO RAILWAY LINE
Since June 2012, railway travellers can make use of the Diabolo railway line to travel more swiftly to
and from Brussels Airport. Part of this railway line is a recently-built underground railway link that
unlocks the airport to the north, ensuring a better connection to the city of Antwerp and the
Netherlands (see Figure 1).
ANTWERP

THE NETHERLANDS
Overground railway line
alongside E19 motorway

NORTHERN CONNECTION
Railway tunnel

June 2012

June 2012
EASTERN CONNECTION
Overground rail link
Brussels
Airport

Dec. 2005

LIÈGE

GERMANY

BRUSSELS
FRANCE

Figure 1

Existing railway tunnel
1990’s

The Diabolo tunnel realizes a direct rail connection from Brussels Airport to the north.
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The Diabolo project was the second step in Infrabel’s strategy to provide an improved access to
Brussels Airport by rail, after the construction of the “Nossegem curve” had already improved travel
time from the east (Liège, Germany) in 2005. The recent construction works unlock the potential of
Brussels Airport to attract travellers from neighbouring countries – and get them to the airport by rail.
The Diabolo project was a joint effort of several entities of the Belgian Railways Group:
- rail infrastructure manager Infrabel (acting as founder of the project), its engineering
subsidiary Tuc Rail, its ICT department ICTRA (ICT for Rail),…
- train and station operator NMBS, its station development subsidiary Eurostation, its
Corporate Security Service (CSS),…
in cooperation with private financing partner Northern Diabolo NV and several stakeholders such as
the fire departments of the towns of Zaventem and Vilvoorde, the Brussels Airport Company,…
REQUIRED LEVEL OF SAFETY AND SECURITY
The Safety & Security Steering Group of the project team (consisting of the owner, final users,
architects, engineers,…) elaborated the project’s safety requirements [1] based on the fire prevention
report written by the fire brigades of Zaventem and Vilvoorde [2]. The entire complex - consisting of
the new train tunnel as well as the already existing train tunnel and the enclosed underground railway
station at Brussels Airport - is situated in three municipalities and is covered by those 2 fire brigades
for fire intervention. The fire brigades mainly based their joint fire prevention report on
international tunnel safety recommendations, as there are no specific national fire safety standards
or bylaws for train tunnels in Belgium. In particular, the fire brigades referred to NFPA 130 [3], UICCodex 779-9 [4], UNECE TRANS/AC.9/9 [5] and TSI dir. 2001/16/EC [6]. These documents give
both input for the strategic setup of the safeguarding process as well as prescriptive rules on structure
and technical installations to be followed. A good combination of all these measures has fully been
studied and documented within the Safety & Security Steering Group. It is remarkable that so-called
“fire scenarios” (this is the automatic and logical response of all safety equipment to a first or
confirmed fire detection) are not as such defined in these 4 documents. Of course the need for
adequate detection and a wide range of safety equipment has been written down, but not the automatic
link between those two domains of input and output. Later on in this paper we show a practical way to
setup these automatisms.
In the fire brigade report the existing enclosed railway station and the existing train tunnel were
considered as an integral part of the new enlarged tunnel infrastructure w.r.t. the application of
the safety regulation. Hence, the existing terminus station and tunnel (with a total combined length
of 1,8 km) got an important technical upgrade to end up with the same safety and security level as the
new tunnel (with a total combined length of 4,2 km together with the enlarged station and the existing
tunnel).
Figure 2 shows how the project team implemented the international tunnel safety recommendations.
One of the basic premises w.r.t. this elaboration was the fact that this tunnel is only used by electric
passenger trains, and the train speed is always controlled to a maximum of 90 km/h. As depicted in
the figure, the use of ICT techniques fits into a larger context of tunnel standards and regulations that
typically classify safety measures for tunnels into different areas (infrastructure, rolling stock,
operations) and different possible phases of an accident (prevention of accidents, mitigation of
consequences, facilitation of escape, facilitation of rescue). The measures fulfilled by the Diabolo ICT
techniques mainly span the infrastructure area across the different possible phases of an accident.
Specific security requirements consist of the prevention and detection of unauthorized access to all
non-public areas of the station and tunnel complex, and the dissuasion and obstruction of undesired
human behaviour (aggression, terrorism).
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ICT techniques
mainly play a role
in the infrastructure area
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activate lighting

control room

close smoke
compartments

fire resistant cabling
stop comfort ventilation
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ROLLING STOCK
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Figure 2
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(incl. regular testing)

drive train
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training
of railway staff

drafting and rehearsal
of rescue plans

Implementation of the international tunnel safety recommendations by the project team.

TECHNICAL INSTALLATIONS OVERVIEW
The Diabolo ICT techniques include i.a. an integrated system for the automation of fire scenarios
[7], two control rooms that allow efficient remote management of the tunnel complex, as well as a
number of communication systems used by the train drivers and emergency services (e.g. GSM-R
network, “ASTRID” TETRA-network, emergency telephones). The integrated system architecture
consists of following subsystems (see Figure 3) :
Input subsystems
- Tunnel fire detection by means of linear heat detection. This subsystem monitors the tunnel
temperature, and continuously determines the location and the temperature of the hottest point in the
tunnel ;
- Smoke detection and alarm buttons in the station and evacuation complexes ;
- A train localization system that determines the location of the trains present in the complex ;
- Emergency telephones with automatic position reporting to the control room.
A processing layer
- An automation layer that contains the fire scenario logic and pilots the automatic control of
equipment : activate the lighting, activate CCTV presets to visualize the affected area, provide visual
dynamic evacuation indications to evacuees, broadcast pre-recorded spoken evacuation messages,
start up smoke and heat extraction, shut down escalators and elevators, control railway signalling to
prevent new trains from entering the complex, release emergency doors,...
- A number of visualization screens in the Antwerp Control Room (located remotely in Antwerp
Central Station) and the Diabolo Control Room (located on-site, next to the control room of the
airport operator) for control and monitoring of the system.
Output systems
- A dynamic evacuation guidance system based on green moving guiding lights that suggest to
fleeing people the shortest route to the nearest evacuation complex based on the system’s knowledge
of the location of the fire ;
- A public address system (PAS) with pre-recorded messages depending on the selected fire scenario
; this system also allows distribution of ad-hoc messages from the control room by microphone ;
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- A link between the fire scenario system and the railway signalling system, for automatic control of
the tunnel’s railway signals in case of fire ;
- A link to the complex’ lighting and ventilation systems ;
- A link to the fire safety system of Brussels Airport to exchange information in relation to the
selected fire scenario ;
- Automatic screen pop-up of rescue plans on the visualisation screens ;
- Automatic SMS messaging to the staff of the rail infrastructure manager and station operator.
Specific for security are camera surveillance, access control and intrusion detection to non-public
areas and the tunnel entrance, electronic key management and the use of a public address system.

Figure 3

Synoptic overview of integrated technical installations.

ELABORATION OF THE AUTOMATIC SCENARIOS
Fire scenario triggers & safety actions
During normal daily operation all safety & security installations are standby and “waiting” for
something to happen. As from the first fire detection (or manual input) the scenario system
automatically starts a whole series of actions, following each other in several successive phases.
First, it is of main importance to know where the detected incident takes place and to assess the
severity of the situation. So in first instance the lighting is activated and all cameras in the area of the
incident will appear on the control screen. The cameras have been preconfigured in so-called ‘camera
salvos’: up to 16 cameras will give a clear overview of the situation. The safety & security operator in
the remote control room has 1 minute (acceptance time “T1”) to acknowledge the reception of the
input-signal [see phase 1 and 2 in Figure 4].
From that moment on, an extra time period of 5 minutes (exploration time “T2”) is available for the
operator to check – with the available technical resources and possibly with the help of railway staff
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on-site - whether the alarm is real or false. Based on his investigation, the operator acts logically: or
he resets the configuration into normal mode if it turned out to be a false alarm, or he confirms the
status of the accident. In the latter case, all necessary equipment is activated or put into safe mode
with a push on a button [see phase 3 in Figure 4]. At that time, the operator also notifies the fire
brigades, and hands over control of the scenario to the on-site control room at the airport once the
latter has been staffed and appointed as the command post taking care of the further course of the
intervention [see phase 4 in Figure 4].

Figure 4

Fire scenario startup sequence (1-4) & fire brigade intervention (5-6).

Fire Scenario Matrix allows flexible output configuration
It is clear that safety equipment can have different modes of operation, depending on the location of
the fire. Indeed tunnel smoke ventilation can act in 2 directions, or the Public Address System can
distribute various pre-recorded messages. In order to make this possible we divided the whole Diabolo
complex into different fire scenario zones :
- 52 zones in the tunnel itself (related to the evacuation route location and the relative position
of a fire on a train : ‘head-side’, ‘tail-side’ or even fire without a train present) ;
- 16 zones on the tracks in the station (2 x 8 smoke extraction zones with distinct actuated
dampers) ;
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- 42 zones in the station of which 24 on the platforms ;
- 44 zones in evacuation shafts, cross passages and distant technical rooms ;
- 3 scenarios in the airport building itself (3 separate locations, adjacent to the train station).
All these 157 scenarios have a unique identification based on the location of the fire and (for the
tunnels) the relative position of the fire in relation to the position of the train – if present. Our
configurable fire scenario matrix establishes the link between a selected fire scenario and the
corresponding equipment outputs (some 850 in total) to be driven (see Figure 3). This method proved
to be highly efficient during the commissioning phase of the project.
All 52 tunnel-related scenarios are also represented by a synoptic drawing that shows the smoke
ventilation direction as well as evacuation possibilities (see Figure 5). For the ‘simple’ fire scenarios
this is not necessary as each detection zone defines the scenario zone as such.

Figure 5

Synoptic representation of a tunnel fire scenario.

Specific for tunnel smoke control : relative fire position, mid-train fire and train deceleration
As shown in Figure 5 and 6, the direction of smoke ventilation is determined by the relative position
of the fire source in relation to the position of the train. The smoke is then extracted via the ‘shortest’
part of the train so the majority of passengers will not be affected by the smoke.

Figure 6

Fire and train localization determine the direction of smoke control (in the tunnels).

In order to allow evacuation of passengers from the ‘shortest’ part of the train, a time algorithm has
558

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

been implemented to introduce a time delay before starting up the longitudinal smoke ventilation [8].
This time delay is minimal (0 minutes) when the fire is located at the head or tail of the train, and is
maximal (5 minutes) when the fire is located in the middle of the train. Intermediate values are
determined by means of interpolation.
IMPLEMENTATION & ICT INTEGRATION
To automate the fire scenarios we designed a distributed automation architecture (see Figure 7)
consisting of distributed I/O islands on the lowest architectural level (implemented with so-called
“Modular Service Points” or “MSPs”), the fire scenario logic being implemented in redundant
technical rooms inside and outside the tunnel complex, and the visualisation and remote control being
effectuated in a remote and on-site control room.

Figure 7

Automation architecture of the fire scenario network.
559

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Our contractor installed the Modular Service Points every 100 metre along the rail tracks in the
tunnel. The MSPs serve as an aggregation point for distributed inputs/outputs (I/Os) and also as a
voltage conversion node to save on power cabling. Ultrasonic train sensors, attached every 20 metres
to the cable tray along the tracks, take lateral samples of the position of the trains and allow to
determine when a train has stopped. For the purpose of redundancy each consecutive train sensor has
been connected with fire resistant cabling to the other of 2 consecutive MSPs. In this way we ensure
that train localization functionality is still present with a degraded resolution of 40 metres when a
Modular Service Point has become faulty or damaged by fire. The MSPs themselves have
consecutively been connected onto different optical rings to ensure Profinet fieldbus connectivity to
the main technical rooms in the case an MSP becomes unavailable.
For the purpose of dynamic evacuation guidance (DEG), the Modular Service Points drive ribbons
of green light emitting diodes (LEDs) which have been arranged continuously in a hand rail housing
along the tunnel evacuation path. These LEDs form a system of green moving guiding lights that
suggest to evacuees the shortest route to the nearest evacuation complex based on the system’s
knowledge of the location of the fire. The location of the fire “TMAX” (see Figure 7) is derived from
the linear heat detection system as being the tunnel location with the highest temperature. Our
contractor engineered the electronic drivers of the DEG ribbons in such a way as to provide a
redundant control path to the DEG ribbons from 2 consecutive MSPs, as a part of the DEG ribbons
are expected to be damaged in case of a fire.
The fibre optic cables of the linear heat detection system are not connected to the MSPs, but
immediately connected to the technical rooms where the heat localization logic is situated. Two
detection cables are present in each section of the tunnel, i.e. one detection cable on each side of the
tunnel, connected to different technical rooms.
Although not especially mentioned in Figure 7, the Modular Service Points also serve as an I/O point
for the CCTV cameras, emergency phones and blue flashing lights. The tunnel radio communication
equipment (mainly antennas and repeaters) has been connected immediately to the base equipment in
the technical rooms, as well as the loudspeakers which form a part of the Public Address System
(PAS). The majority of the 3rd party systems (like ventilation and lighting) have been integrated in the
technical rooms with the LonWorks building automation protocol as this was a contractual condition
w.r.t. the integration of those systems. Here also, our contractor designed a redundant control path to
drive the connected equipment.
Whereas the MSPs function as distributed I/O points, the mere fire scenario logic has been
implemented on Programmable Logic Controllers (PLCs) in the main technical rooms of the tunneland station infrastructure. These main technical rooms serve as each other’s backup in a hot-standby
configuration. They are located approximately 2,5 kilometres apart: one of them is situated outside the
tunnel close to the motorway to the city of Antwerp, the other is located inside the railway station at
the airport. The equipment in these rooms implements the train localization logic and the heat
localization logic. The output of these 2 functions is subsequently used by the fire scenario
determination logic to determine which tunnel fire scenario to launch. Besides the tunnel fire scenario
logic, the same integrated system also implements the fire scenario logic of the railway station.
Whereas the linear heat detection system has been chosen for the tunnel due to its reliable operation in
harsh environments, the fire detection system in the railway station and the evacuation complexes
consists of “classical” smoke detectors divided into detection zones. These detection zones are the
basis for fire scenario selection in the railway station and evacuation complexes.
W.r.t. its functioning in degraded mode, the system as a whole provides 3 levels of autonomy :
- The fire detection systems with their detectors, push buttons and sirens on the lowest
architectural level provide a local level of autonomy should the fire scenario logic be
unavailable (this autonomy also holds for the sprinklers in the station and the gas
extinguishing systems in a number of technical rooms);
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-

In the overlying layer the fire scenario logic (together with the fire detection systems and the
MSPs connected through the fire scenario network) provides a global level of autonomy
should the control rooms and its building management system be unavailable;
The operator workstations in the control rooms - situated at the top level of the system
architecture – offer a rich functionality on top of the basic functionality of the fire scenario
system. This workstation functionality allows i.a. the monitoring and individual control of the
equipment taking part in a fire scenario (this is the so-called “freeze” function).

Two control rooms intervene in the handling of a fire scenario :
- A remote control room at the city of Antwerp, which is manned on a 24/7 basis and is also
used to guard the station and tunnels of Antwerp Central Station. The operators in this socalled Antwerp Control Room (ACR) vouch for the day-to-day operational and technical
management of the tunnel, the station and their safety and security systems;
- An on-site control room at the fire department building at the airport, which is manned in case
of an accident and also serves as the Central Supervising Station as mentioned by NFPA 130.
Minimum Operating Conditions
Notwithstanding the several safety & security systems have been designed and implemented with
system availability in mind, the Safety & Security Steering Group has defined a set of Minimum
Operating Conditions (MOCs) for the Diabolo railway line [9]. These MOCs define the system
functionalities that need to be available for tunnel operation, and determine the allowable maintenance
intervention and solution times in case a functionality is unavailable.
Based on their interpretation of eventual technical warnings or alarms on the Building Management
System, the control room operators apply the Minimum Operating Conditions in the event that the
functionality of a system (or a subfunction of it) becomes unavailable due to a technical defect.
FIRE BRIGADE INTERVENTION
As already explained in the ‘automatic fire scenarios’ section, this system of ICT driven actions has
been put in place to help the fire brigade and traffic control to prevent a larger accident with difficult
evacuation and intervention conditions. Hence, these automatisms cannot be seen separately from the
operational actions they try to facilitate. Therefore any ‘technical’ fire scenario has been
complemented with an ‘operational’ alarm sheet (see Figure 8). These alarm sheets aggregate 4 major
types of information of particular interest to those in charge of the operational handing of an
intervention :
- The position of the train in the tunnel and the relative position of the fire on that train ;
- The signalling state of the traffic lights in the tunnel (keep closed or imperative closure) ;
- The direction of the smoke ventilation system ;
- The procedures to be followed by the intervention disciplines (fire, medical, police).
During start-up of a scenario, the system transmits the applicable alarm sheet to the subscribed
stakeholders by means of on-screen visualisation and an SMS text message.
REAL TRAIN FIRE TEST (APRIL 2012)
During the commissioning phase of the project we organised a “burning” train test to evaluate the
system’s response to “a train on fire” entering the tunnel complex. Therefore we realised a fireproof
compartment in a specific wagon of a 200 m long test train. Inside the compartment the firefighters
ignited a flame source of 250 kW (hexane in a barrel) before driving the train into the tunnel. Our
symposium video shows how the integrated system – after the train has stopped - correctly determines
the contours of the train as well as the hottest point in the tunnel, leading to a correct fire scenario
selection and output activation. Notable however is that the power of the heat source (when located
inside the train) has to exceed 250 kW in order to exceed the ‘customary’ detection threshold of linear
heat detection systems.
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Figure 8

Example of an “operational” alarm sheet (complements a “technical” fire scenario)

CONCLUSIONS
In this paper we showed how a set of well-considered automatisms can contribute positively to the
implementation of the safety and security policy of a railway tunnel, based on international
recommendations. The scenario automatisms (and the systems behind it) assist control room operators
and intervention teams in the quick assessment of possibly dangerous situations, and assist them in the
selection and swift activation of the appropriate escape and rescue facilitation measures. Mainly being
infrastructural measures, these ‘technical’ pre-configured fire scenarios are a useful complement to
the operational measures which continue to be of utmost importance to safeguard the tunnel
infrastructure and its users.
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ABSTRACT
For the tunnel “Schwarzer Berg” of the German motorway A 70 a simulator was developed. The
functional requirements of the project amounted to the constant training of the tunnel operators along
with the testing of the ventilation’s automatic control system. For the second part an additional
simulator was developed internally in order to verify the first one’s output. A total of 210 fire
emergencies were modelled and the reactions of the ventilation system were thoroughly reviewed.
Analysis demonstrated the need for optimization of the ventilation control system. The project
illustrates the advantages offered by modelling of complex control systems in terms of control
optimization, personnel training in addition to cost and time savings during refurbishments.
KEYWORD: simulation, personnel training, tunnel ventilation, tunnel safety
OBJECT DESCRIPTION
In the following the tunnel main characteristics will be discussed, namely its geometry, traffic
information and the ventilation control strategy.
Geometry
The tunnel “Schwarzer Berg” constitutes part of the German motorway A 70 that connects the cities
of Würzburg and Bamberg. The tunnel has an east-west orientation and comprises two tubes, each
carrying two lanes of traffic. The length of the north and south tube is measured at 738 and 722 m
respectively. The longitudinal gradient amounts to 1 % from to East to West throughout the length of
the tunnel.
Traffic
The tunnel “Schwarzer Berg” carries unidirectional traffic. In case of maintenance in one tube the
adjacent one can be operated under bidirectional traffic. Annual average daily traffic is predicted to
amount to 30,000 vehicles for the year 2015. Heavy vehicles amount to 25 % of total traffic.
Description of ventilation system
Both the north and the south tube are equipped with a longitudinal ventilation system. The ventilation
system comprises, rather unusually, two types of ventilators for each tube. No frequency converter is
installed to any of the ventilators.
The ventilation system of the north tube consists of a total of 8 ventilators. Specifically six 710 mm
diameter ventilators each producing 640 N of thrust are installed, together with two 1,120 m diameter
ventilators each producing 1,300 N of thrust.
In the south tube six 630 mm diameter ventilators each producing 405 N of thrust are installed, along
with two 1,250 mm diameter ventilators each capable of producing 2,000 N of thrust.
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Control strategy - Design
The air quality in tunnel “Schwarzer Berg” is constantly monitored and should the need arise the
ventilation system is activated in order to keep pollutant concentrations below predefined limits. The
current report focuses nevertheless on the simulation of emergencies. The aspects of air quality in
tunnel under normal operation will not be discussed.
Fire management in tunnel can be separated into two discrete phases, namely the “self-rescue” and the
“fire-fighting” one. The ventilation system aims, during the self-rescue phase, at protecting the road
users from the heat and smoke generated. To this end, the control strategy comprises three steps:
• Setting a target tunnel air speed.
• Initialising the ventilation system.
• Controlling the tunnel air speed.
The minimum air speed required in the affected tube depends on the traffic conditions and, in case of
bidirectional traffic, on the fire position in the tube. In tunnel “Schwarzer Berg” for flowing and
congested unidirectional traffic the target air speed is +2,5 m/s and +1,5 m/s respectively. In case of
bidirectional traffic the air flow is always directed towards the nearest portal at a speed of ±1 m/s. A
positive air speed indicates a flow from the tunnel entrance to the tunnel exit, as they are defined
when the tunnel operates under unidirectional traffic. The target wind speeds for the ventilation
system are summarised in Table 1.
Table 1

Air flow direction and speed in case of fire.

Traffic mode

Target air speed (m/s)

Tolerance (m/s)

Unidirectional, flowing

+2,5

-0, +3

Unidirectional, congested

+1,5

±0,5

Bidirectional

±1,0

±0,5

Following the fire detection the ventilation system is initialised and set to its so called “basic setting”,
at which the ventilators at the tunnel section where the fire is located are disabled and the status of the
remaining is predefined depending on the traffic mode.
For the control operation, due to the different thrust provided by the two ventilator types, the concept
of “equivalent ventilator” is introduced.
The number of ventilators that needs to be switched on or off is given always in terms of “equivalent
ventilators”. For the north tube a 640 N thrust ventilator corresponds to one “equivalent ventilator”
and a 1,300 N thrust ventilator corresponds to two “equivalent ventilators”. The definition of the
“equivalent ventilator” is analogous for the south tube; a 405 N and a 2,000 N thrust ventilator
correspond to one and five “equivalent ventilators” respectively. The definition of the “equivalent
ventilator” is summarised in Table 2.
Table 2

Definition of “equivalent ventilator”.
North tube
1 ventilator with 640 N thrust
1 equivalent ventilator
corresponds to
1 ventilator with 1,300 N thrust
2 equivalent ventilators
1 ventilator with 405 N thrust
1 ventilator with 2,000 N thrust

South tube
corresponds to

1 equivalent ventilator
5 equivalent ventilators

The number of ventilators that needs to be switched on or off is determined by the difference of the
current air speed from the target one, according to “control tables”. An example of a “control table” in
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case of fire in the south tube operating under unidirectional flowing traffic is shown in Table 3.
Table 3
Example of “control table”: south tube, unidirectional flowing traffic.
Target air speed = +2,5 m/s
Measured air speed u (m/s)
ΔNEVa
u≥
+3,5
-4
+3,5
>u≥
+3,3
-3
+3,3
>u≥
+3,0
-2
+3,0
>u≥
+2,7
-1
+2,7
>u≥
+2,3
0
+2,3
>u≥
+2,0
+1
+2,0
>u≥
+1,6
+2
+1,6
>u≥
+1,0
+3
+1,0
>u
+4
a
Number of equivalent ventilators that needs to be switched on or off.
The total of ventilators that needs to be switched on or off is determined from the “control tables” in
terms of “equivalent ventilators” (ΔNEV). For instance, in case of fire in the south tube under
unidirectional flowing traffic, if the air speed would lie between +2,7 and +3,0 m/s one “equivalent
ventilator” would have to be turned off (see Table 3). This translates as switching off a 405 N
ventilator, or switching off a 2,000 N ventilator and switching on four 405 N ones.
The “control tables” were generated during the design stage of the ventilation system. They constitute
the backbone of the automatic control system of the tunnel “Schwarzer Berg”.
DESCRIPTION OF SIMULATORS, TEST SCENARIOS
Tunnel “Schwarzer Berg” simulator (simulator-1)
The simulator built for the tunnel “Schwarzer Berg” models not only the ventilation system already
described (vide infra) but the entire safety infrastructure (pollution control, lighting, video etc.) as
well. This report focuses nevertheless on the ventilation system.
The ventilation subsystem of the simulator was composed of two modules, the aerodynamic and the
ventilation control one. The aerodynamic module would simulate the temporal development of
physical parameters, such as fire intensity, portal pressure, air velocity, smoke expansion, piston
effect, aerodynamic drag etc. along with their interactions. The mathematical modelling of the
aerodynamic module was developed internally and was used by both simulators. The control module
of the simulator-1 was an exact copy of the control system installed in tunnel “Schwarzer Berg”.
Test simulator (simulator-2)
A second simulator was developed for verification purposes. Foremost, the implementation of the
mathematical modelling to software in simulator-1 was to be validated. In addition, the control
strategy was independent of the one installed in the tunnel and used by simulator-1. The control
strategy of simulator-2 was established that it operated properly through rigorous testing. The
rationale for the separate control module was to verify the reactions of the automatic control system of
the tunnel “Schwarzer Berg”. The infrastructure unrelated to the ventilation (pollution control,
lighting, video etc.) was not however modelled in simulator-2.
Simulator-2 - simplifications
A number of simplifications were implemented in the control module of simulator-2 intending to
reduce its complexity. The starting current of the jet fans was not modelled, so any number of
ventilators could be started simultaneously. Furthermore the ventilator start-up time and the ventilator
shut-off delay were not modelled. As a result ventilators in simulator-2 would perform at maximum
capacity the moment they were started, and they could also be reversed instantaneously. Occasionally
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occurring time delays (usually in the range of 1-2 seconds) due to program cycles and operating
system loads, observed in real systems, were also not modelled. Finally one of the design goals of the
tunnel’s ventilation control was the minimising of the switching operations, enabling the highest
possible availability of the system. This restriction was not included in the control module of
simulator-2. It was expected therefore that the output of the simulators would not be identical.
Nevertheless any disparities should be attributable to the simplifications of simulator-2’s control
module.
The relations between the tunnel and the simulators are presented in Figure 1.

Figure 1

Relations between the simulators and the tunnel.

Test scenarios
Through the variation of atmospheric conditions, traffic situation, fire intensity, fire location as well
as the ventilation system status before the fire detection, a great assortment of fire emergencies could
be simulated. A total of 210 fire scenarios were modelled. Only the self-rescue phase was considered.
For every scenario the aerodynamic conditions before the fire because of traffic, wind and the
ventilation system were determined. After the fire had started, each scenario was simulated for 15
minutes. Detection time was constant for every scenario at 2 minutes after fire had erupted. At that
time the control system closes the tunnel to traffic and sets the ventilation system into fire mode. The
physical parameters of the simulation, such as air speed, smoke expansion, thermal output, traffic etc.
were calculated every 1 second.
RESULTS
Aerodynamic module
Foremost the implementation of the mathematical modelling was checked. No disparities were
detected.
Control module
Analysis of the scenarios demonstrated that on several account the reactions of the automatic control
of the tunnel “Schwarzer Berg” was not the expected ones. First, a scenario where no problems were
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found will be presented (scenario #41), in order to outline the evaluation process. Afterwards the
issues identified will be addressed.
Scenario #41
An example of a scenario where no issues were detected is scenario #41. Its parameters are:
• Tube:
north
• Traffic:
unidirectional, congested
• Portal pressure: -7 Pa
• Fire location: 54 m from exit portal
• Fire intensity: 30 MW, output increases linearly over 10 minutes
• Ventilation:
active before fire eruption
The air speed and ventilator performance are illustrated in Figure 2. The ventilation system is active
before the fire erupts. At time t0 = 0 s the fire starts. At time t1 = 120 s the fire is detected and the
ventilation enters its “basic setting”, with only ventilators #1, #2 and #7 being active.

Figure 2

Ventilator performance and air speed – Scenario #41.

The switching orders are summarised in Table 4. At t2 = 180 s, 60 seconds after the fire detection, the
measured air speed of +2,6 m/s is compared to the target one, which for congested traffic is +1,5 m/s
and a switching order of ΔNEV = -2 is issued. Simulator-1 then deactivates ventilator #7, which
corresponds to 2 “equivalent ventilators” while simulator-2 deactivates ventilators #1 and #2, each
corresponding to 1 “equivalent ventilator”, since it is not bound to minimise switching orders.
Because the thrust ratio provided by the different ventilator types is not exactly 2:1, a small difference
in pressure and air speed can be seen between 180 and 240 seconds.
Table 4:

Switching order – scenario #41.
Simulator-1
Time
#1
#2
#7
ΔNEV
ΔNEXECa
(s)
(1 e.v.) (1 e.v.) (2 e.v.)
120
⇒b
⇒
⇒
c
180
-2
×
-2
⇒
⇒
240
-1
-1
×
×
⇒
a
Switching order executed.
b
Ventilator is ON.
c
Ventilator is OFF.

ΔNEV
-2
-1

Simulator-2
#1
#2
#7
(1 e.v.) (1 e.v.) (2 e.v.)
⇒
⇒
⇒
×
×
⇒
×
×
⇒

ΔNEXEC
-2
-1
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At t3 = 240 s the air speed is measured again and a switching order of ΔNEV = -1 is issued.
Simulator-1 deactivates ventilator #1 while simulator-2 deactivates ventilator #7 and reactivates
ventilator #2. Because no start-up time is modelled in simulator-2, no performance difference is
detected. At t4 = 300 s and for the rest of the simulation the air speed matches the target air speed and
no further switching orders are issued.
Scenario #135
In the following, the sum of the switching orders variable (∑ΔNEV) shall be discussed. This variable is
used in the software implementation of the control strategy of tunnel “Schwarzer Berg”. In some
scenarios it was observed that if the absolute value of the sum of consecutive switching orders was
larger than a certain value (specifically 8), the ventilation system would not execute subsequent
switching orders. As example, the switching sequence of scenario #135 will be presented. Its
parameters are:
• Tube:
south
• Traffic:
unidirectional, congested
• Portal pressure: 0 Pa
• Fire location: middle of tube
• Fire intensity: 5 MW, output increases linearly over 10 minutes
• Ventilation:
active before fire eruption
The air speed and ventilator performance are illustrated in Figure 3.

Figure 3

Ventilator performance and air speed – Scenario #135.

Before the detection of the fire all ventilators are active. For the south tube this translates to 16
equivalent ventilators. After the fire has been detected (t1 = 120 s) the ventilation is set to its “basic
setting” where, for this fire location, ventilators #3, #4, #5 and #6 are switched off.
At t2 = 180 s and at t3 = 240 s switching orders of ΔNEV = -4 are issued and the absolute values of the
∑ΔNEV variable equals 8. At t4 = 240 s yet another switch off order is issued but the control system of
simulator-1 does not react, although there are still 4 equivalent ventilators running. As a result the air
speed remains for the rest of the simulation above the target speed in a congested traffic scenario of
+1,5 m/s. This could prompt the disruption of the smoke layer stratification.
It should be noted that the system would not respond to further “switch off” orders but it would
execute “switch on” ones.
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The control system of ventilator-2 responds as expected and in approximately 4 minutes after the fire
has been detected the air speed in the tube has reached its target value. The switching sequence is
presented in Table 5. A total of 24 scenarios were found to be affected by this issue.
Table 5
Time
(s)
< 120
120
180
240
300

Switching sequence – scenario #135.
Simulator-1
# of equivalent
ΔNEV ΔNEXEC ∑ΔNEV
ventilators active
16
0
12
-4
-4
-4
8
-4
-4
-8
4
-2
0
-8
4

ΔNEV
-4
-4
-2

Simulator-2
# of equivalent
ΔNEXEC
ventilators active
16
12
-4
8
-4
4
-2
2

Scenario #93
When examining Figure 3 a drop of ventilator performance can be observed for simulator-1 between
180 and 210 seconds. This relates an overcorrection issue that was observed in several scenarios and
will be discussed in detail below. As example scenario #93 will be presented:
• Tube:
south
• Traffic:
unidirectional, flowing
• Portal pressure: 7 Pa
• Fire location: 200 m from exit portal
• Fire intensity: 5 MW, output increases linearly over 10 minutes
• Ventilation:
inactive before fire eruption
Table 6
Switching order – scenario #93 – simulator-1.
Time
#1
#2
#3
#4
#7
#8
ΔNEV
ΔNEXEC
(s)
(1 e.v.) (1 e.v.) (1 e.v.) (1 e.v.) (5 e.v.) (5 e.v.)
< 120
×
×
×
×
×
×
120
×
⇒
⇒
⇒
⇒
⇒
180
-4
-8
×
×
×
×
×
⇒
210
+5
+5
×
×
×
×
⇒
⇒
240
-4
-5
×
×
×
×
×
⇒
∑ΔNEV = -8
∑ΔNEXEC = -8
Before the fire the ventilation is deactivated. At fire detection the ventilation assumes its “basic
setting” and ventilators #1through #4 and #8 are activated. At the first control step a switching order
of ΔNEV = -4 is issued. However the system deactivates units #1, #3, #4 and #8 for a total of -8
equivalent ventilators. A corrective action is undertaken 30 seconds later through the activation of
ventilator #7. Nevertheless the sum of the executed deactivations at that point is ∑ΔNEXEC = -3 instead
of the ordered ∑ΔNEV = -4. The final corrective action occurs at the next control step, at which instead
of the ordered ΔNEV = -4 the system deactivates 5 equivalent ventilators. The ventilator output of
simulator-1 as well that of simulator-2 are illustrated in Figure 4.
The overcorrections during control steps lead to lower availability of the ventilators and in some
scenarios delayed the process of reaching the target air speed. A total of 38 scenarios were affected. In
Figure 4 at t = 120 s the lack of starting current modelling in simulator-2 can observed. Furthermore
the effect of reaching the maximum ∑ΔNEV can also be seen at t = 300 s.
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Figure 4

Ventilator performance – Scenario #93.

Scenario #100
The control system of the tunnel “Schwarzer Berg” would not adhere in some cases to the
minimisation of switching operations requirement. The parameters of scenario #100 are:
• Tube:
south
• Traffic:
unidirectional, flowing
• Portal pressure: 7 Pa
• Fire location: 94 m from entry portal
• Fire intensity: 30 MW, output increases linearly over 10 minutes
• Ventilation:
inactive before fire eruption
Table 7
Switching order – scenario #100 – simulator-1.
Time
#2
#3
#4
#5
#6
#8
ΔNEV
(s)
(1 e.v.) (1 e.v.) (1 e.v.) (1 e.v.) (1 e.v.) (5 e.v.)
< 120
×
×
×
×
×
×
120
×
⇒
⇒
⇒
⇒
⇒
180
-2
×
×
×
⇒
⇒
⇒
240
-4
×
×
×
⇒
⇒
⇒

ΔNEXEC
-2
-4

The switching sequence is presented in Table 7. At t = 240 s a switching order of ΔNEV = -4 is issued.
The system correctly deactivates ventilator #8 and activates ventilator #2 without any overcorrections.
In the process however the system also needlessly deactivates ventilators #5 and #6 and activates units
#3 and #4. In a total of 15 scenarios this reaction was observed.
Scenario #156
Under some circumstances the automatic system would erroneously deactivate the ventilation system;
an extremely dangerous reaction. An example of this behaviour is illustrated in Figure 5. The
parameters of scenario #156 are listed below:
• Tube:
south
• Traffic:
bidirectional, flowing
• Portal pressure: 7 Pa
• Fire location: 300 m from entry 0
• Fire intensity: 30 MW, output increases linearly over 10 minutes
• Ventilation:
inactive before fire eruption
In case of bidirectional traffic the air flow is directed at a speed of 1 m/s (±0,5 m/s tolerance) towards
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the nearest portal. In this scenario the nearest portal is the entry portal, therefore the air speed as well
as the ventilator induced pressure difference are reported as negative.

Figure 5

Ventilator performance and air speed – Scenario #156.

The ventilation is set to its “basic mode” as soon as the fire is detected. At t = 180 s however the
control system of simulator-1 inappropriately deactivates the entire system, although the measured air
speed at the time (ut = 180 = -0,6 m/s) lies within tolerance levels. The control sequence continues
however and the system reacts properly to the next control steps.
Shutting down the ventilation system interferes with the ability of the ventilation to set the air speed to
the predefined target. In case of simulator-2 the system the target air speed is reached approximately 4
minutes after the fire is detected. The control system of simulator-1 however struggles with oscillation
(see Figure 5). In total 7 scenarios were affected by this behaviour.
EVALUATION
Summary of results
Simulator-2 was developed specifically to provide an efficient method to verify the output of the
tunnel “Schwarzer Berg” simulator (simulator-1).
The results demonstrated that the aerodynamic model was accurately implemented.
In regard to the reactions of the automatic system, in a number of test scenarios erroneous actions
were observed. Herein only the most serious issues detected were reported affecting a total of 84
scenarios. In the rest 12 scenarios the control system errors observed were of minor importance and
did not affected the conditions in the tunnel. A detailed review is provided below.
Ventilation automatic control system of tunnel “Schwarzer Berg”
In 96 out of 210 fire scenarios the control system undertook unexpected reactions. Those reactions
were not detected from the fire tests before the system was deployed in the tunnel. In 24 of these
scenarios, or 11 % of all cases modelled, the control system’s aberrations had a strong influence on
the expected conditions in the tunnel and could, under real conditions, increase the risk the road users
were subjected to. The most serious issues discovered are summarised below:
•

The system would not process more than 8 of the same switching orders.
It was observed that the automatic system would ignore switching orders that affected more
than 8 equivalent ventilators. In these cases the air speed would remain outside the tolerance
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•
•

•

levels which could disrupt the smoke layer stratification.
The control system would often overcorrect.
In a number of scenarios the system would overcorrect during switching operations. This
interfered with the ability of the ventilation system to control the conditions in the tunnel.
The system frequently would not adhere to the minimisation of switching operations.
Occasionally the automatic control would unnecessarily switch off a number of units and at
the same switch on an equal number of equivalent ones. This negatively affected the
availability of the ventilation system because of the delays involved in starting up and
shutting down ventilators.
Ventilation system shut down.
In a relatively small number of cases the control system erroneously deactivated the
ventilation system. Although the control process was not halted and the system was activated
again during the next control step, the conditions in the tunnel were seriously affected.

As a result, it was recommended to replace the control system of the tunnel “Schwarzer Berg” in
order to ensure the appropriate ventilation reactions during an emergency. The replacement of the
control system is planned for 2014. Additionally fire tests are projected in order to examine and, if
necessary, improve the accuracy of the aerodynamic model.
Simulator advantages
The simulator acts as a powerful training instrument for the tunnel operators. The operators are
provided with an exact reproduction of the interface situated in the tunnel control room. They are
given therefore the ability to familiarise themselves with all the systems of the tunnel and observe
their effects in the conditions in it.
Furthermore the simulator is an extremely useful tool for preparing the operators for emergencies.
Operators can create fire scenarios and observe how the air speed, traffic flow, smoke expansion etc.
develop with time and as a function of the reaction system reactions. The operators can manually
intervene in a simulated emergency and determine the effects their actions have on the outcome. This
facilitates the continuous training of the tunnel operators, which is of pivotal importance in an
emergency situation.
The simulator also provides an excellent test bed for the performance of the automatic control system.
It is inconceivable, because of cost and time constrains, to perform the number of fire tests required in
order to examine the reactions of the automatic system under every reasonable scenario. Bugs or
implementation errors in the control software could therefore remain undetected until a catastrophe
actually occurs.
Not only can the simulator assist with the optimisation in the already installed systems, but it can also
accelerate any refurbishments and upgrades. New systems can be beforehand simulated and their
performance can be refined before their deployment. Downtime is therefore minimised and additional
costs of unforeseen complications are eliminated.
Cost
The cost for the tunnel “Schwarzer Berg” simulator was approximately €200k. In comparison, the
infrastructure cost for the tunnel was estimated at €4,0m. The simulator represents a 5 % increase of
the infrastructure capital costs in this case, where the tunnel is relatively short and the ventilation
investment costs are among the lowest possible. For longer tunnels or for tunnels with sophisticated
ventilation the cost of the simulator is expected to represent an even smaller increase of the
infrastructure capital cost.
For tunnels with complicated ventilation systems or for tunnels where operator intervention is
expected in an emergency, the cost could be justified by the advantages offered by the simulation
software.
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ABSTRACT
The paper describes the full-scale fire and rescue tests performed in Tistbrottet in Sala, Sweden, in
autumn 2013. A total of six different approaches to fight a full scale fire in a tunnel were tested. The
six approaches involved different fire-fighting equipment but were performed from an equal point
regarding fundamental conditions such as length of response-route, fire-fighting set-up, smoke and
fire size. The aim was to compare different equipment and methods to reach and eventually put out
the fire. Fire fighters using breathing apparatus (BA) were monitored regarding air consumption,
movement speed and local actions and decisions. The results are presented and analyzed in respect to
fire-fighting efficiency, front BA operations including moving speed and performed actions, as well
as the time to successfully put out the fire. Measurements of heat release rates (HRR) and
temperatures are given in order to quantify the efficiency of the operation.
KEYWORD: full-scale fire experiments, tunnel, fire-fighting, heat release rate (HRR), oxygen,
walking speed.
INTRODUCTION
The fire and rescue services possibility to reach fires in tunnels and other underground constructions
have in some content been discussed and tested practically both in earlier Swedish research projects
[1-4] and in real fires [5-7]. In many of the earlier research projects the main focus has been on the
fire and rescue services limitations and not on the possibilities to solve the fire fire-fighting task.
Considerable problems to perform effective fire-fighting and rescue operations are inherent in real
situations and are experienced during training of fire-fighting crews. Underground structures represent
a complex environment with other risks than the everyday enclosure fires. Some of the issues concern
long response-routes, lack of overview and difficulties for the fire-fighting personnel to orientate in
the environment. Based on the experience from real fires and earlier fire and rescue full-scale tests,
there is a need to define the risks and difficulties, to adapt the tactics and methods to the risks and to
provide guidance to perform adequate risk evaluation prior BA-fire and rescue operations in these
specific premises. As the response route can be very long, especially in rail and distribution tunnels,
air consumption in many cases is the limiting factor in these underground fires.
Earlier work by Swedish researches has been focusing on tactics and possible scenarios that the fire
services can manage [2, 8-13]. This research has resulted in handbook chapter on fire-fighting in
tunnels [14]. This research project aims at mapping different methods for fire-fighting in underground
structures using different types of equipment. In order to do a complete analysis a realistic fire
scenario was needed. The full scale test presented here consists of a series of total six different
approaches to fight a full scale fire. The approaches were conducted with professional firefighters and
the conditions were simulated to be as close to reality as possible. During each test approach, basic
variables such as moving speed, air consumption, communication and co-operation among the teams
were monitored and documented. Every approach was compared to parameters concerning fire and
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smoke development such as, fire size, backlayering, smoke production and temperature. This is a
unique experimental setup which analyses the effect of a standardized 18 MW on the BA-teams as
they advance in the tunnel using different equipment. This paper presents the main results from these
experiments which were carried out in Tistbrottet in Sala north of Stockholm, Sweden in October
2013.
TEST SITE
The hard rock dolomite mine where the fire tests were performed is owned by Björka Mineral AB and
is located on the outskirts of Sala, Sweden. The fire tests were conducted at level 55 (55 m from the
top of the mine) which is a non-active part of the mine that is connected to an open pit. The non-active
part is connected to an active part that goes down to level 90, see figure 1. The fire tests were
performed in a part of the tunnel system which was relatively straight. This part is shown in figure 1
and is designated as the mine drift. The length of this part was 100 m with an average width of about
8 m and a height of 6 m. The ground consists of hard packed gravel. The fire was at the center of the
mine drift, i.e. 50 m into the mine drift. For safety reasons the mine drift was rock bolted at all fireexposed areas both down- and upstream the fire. A 50 mm thick stone wool insulation was placed on
a metal grid fastened to the rock bolts and was placed in the tunnel roof over the test site. A noninsulated grid covered the full roof area of the tunnel past the measurement container to the middle of
the first cross-tunnel. The main objective was to protect the rock and prevent cracked stones to fall on
the BA-fire fighters.
Measurement container

Measuring station

Fire

Active
mine

Red
pair
AP2

exhaust

Non-active
mine

AP1

Mobile fan
Entrance AP0
and base
for fire fighters

Figure 1. Plan view of the non-active part dolomite of the mine in Sala, Sweden. The entrance was in
a pit at level 55. The entrance to the mine is indicated on the right hand side of the sketch
and the exhaust on the left hand side.
FIRE SOURCE
The fire source consisted of two 20 ft steel containers welded together. The external measures of both
are 12.19 m long, 2.44 m wide and 2.59 m high. On both the long sides of the steel container 6
windows with the measures of 1 x 0.84 m (w x h) was opened up. The c/c distance between the
windows was 1.5 m. An additional window was placed at the rear end of the container measuring 2 x
0.84 m. The lower ends of the windows were elevated 1.5 m from the ground. Two doors were
mounted at the front of the steel container. The windows were used in order to control the fire size by
creating a ventilation-controlled fire, and at the same time make it impossible to attack the fire by
direct hit of the extinguishing media. This would for example simulate a situation in a train or a metro
wagon. This was thought to be a good way to test this type of difficult fire-fighting approach inside a
narrow tunnel. The free space between the walls and the steel container was about 1.5 m. At the
upstream end of the steel container the door was opened during loading of the wood pallets. During
ignition, except from the first test, the doors were closed. The ignition source which consisted of a
steel pan measuring 0.2 x 0.8 m was placed on the lowest wood pallets and close to the doors through
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a hole fixed at the side of the container. It was filled with 2.5 l of heptane before ignition. Directly
after ignition the two fire fighters that ignited started to walk back to the entrance. The ignition itself
postulate the time equal to zero in operational part of the fire attack and all other times given in the
paper. The smoke machines were started by the fire fighters on their way out from the scene of the
fire and the operational part of the fire-fighting could start. Unfortunately, during the first test, the
doors were not closed properly so they opened up partly, which had dramatic effects on the fire
growth and the maximum HRR. This was not repeated in the following five tests, where instead the
ignition was performed through a small cut open hole with the area of approximately 5 dm2.
The container was loaded with wooden pallets with a total mass of approximately 2000 kg. The
pallets were piled up to 1.5 m, filling up the entire width of the container. Due to safety reasons, as the
fire fighters were instructed not to pass behind the container, the pallets were piled in the upstream
end of the container, leaving the last third part of the container empty. The windows were just above
the piled wood pallets. The moisture content of the wood pallets was measured and in average it was
about 20 %. Pre-calculations estimated the maximum HRR to be 18 MW, assuming that the only
access of air was through the windows of the container.
INSTRUMENTATION AND EQUIPMENT FOR THE TEST
The center of the fire source was 200 m from the entrance to the mine and 76 meters from the exhaust
opening. The mine drift used as test site was approximately 100 meters long. The difference in height
between the entrance of the mine and the exhaust was slightly less than 1 m.
The test site has neither mechanical ventilation nor any reliable natural ventilation and was therefore
equipped with a mobile ventilator (Tempest model MGV L125). The ventilator is diesel powered and
has a flow rate of 217.000 m3/h. Depending on the relatively small exhaust area and the exhaust
rugged structure and the mines s-shape with corners and bends the maximum airflow at cold
temperature (10oC) reached approximately 2 m/s. The main airflow became more or less as a bulk
flow bypassing the short mine drifts from the fan towards the entrance. The velocity increased slightly
when heat was produced from the wooden pallets. The location of the mobile fan is shown in figure 1,
about 60 m from the entrance to the tunnel. Also three white smoke producers with a total capacity of
7000 m3/min were placed at the entrance, in the middle and at the end of the tunnel. This made it
possible to fill the tunnel with white smoke over a distance of 150 m, i.e. from the mobile fan and
towards the fire. This is the distance the fire fighter had to perform a BA-operation in order to get to
the scene of the fire. The visibility in the white smoke was less than 0.5 – 1 m. It was impossible to
find the way to the fire without an IR image camera. There was only one exhaust at the test site – all
other mine drifts were dead ends – allowing for all the smoke to be ventilated out through the single
entrance and thus allowing for HRR measurements at the end of the mine drift.
An overview of the test site in the drift mine is shown in more details in figure 2. The distances and
the locations of measuring devices are also given. At the measuring station downstream the fire the
HRR was determined. This included measurements of the mass flow rate, oxygen concentrations and
gas temperatures at certain heights at the measuring station (pile). Five thermocouples (Tc) of type K
0.5 mm, were mounted on the vertical pile indicated in figure 2. The heights are given as distances
from the ceiling. Velocity was measured at two heights. They are indicated as Bd and are found at the
highest point and the half the tunnel height. One oxygen probe was used and that was located at the
highest point. The gas temperatures were used to calculate the average oxygen concentration over the
cross-section. The ceiling temperatures inside the insulation and the gas temperature 0.1 m below the
ceiling were measured at the center of the fire. The upstream ceiling gas temperature were measured
28 m from the end of the container (0.1m below) as well as the velocity and gas temperature 3 m
above the surface of the tunnel. This measuring point was important for monitoring the situation close
to the burning steel container. If this gas temperature would exceed 300oC for 10 minutes it was
decided to stop or hold the fire-fighting operation until the temperature lowered under the limit. If the
temperature would exceed 500oC for more than 5 minutes the fire-fighting operation would be
stopped and the tests would only continue after the tunnel had been inspected.
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1 Tc, behind insulation
1 Tc, 100 mm below ceiling
10

Measurement
container

1 PTc, 1,5 m above ground level and
outside the first window
16

28

6

40

Steel container

Distance to
portal 180 m

1 PTc, 1,5 m above ground level and
outside the first window

1 Tc+1 BD-probe 3 m above
ground + 1 Tc in ceiling

40

1 O2, 1 BD-probe, 1 Tc (0,8 m from
ceiling)
1 Tc (2 m from ceiling)
1 BD-prob, 1 Tc (3,2 m from ceiling)
1 Tc (4,4 m from ceiling)
Exhaust

1 Tc (5,2-5,6 m from ceiling)
Vertical measuring pile

Figure 2 The instrumentation layout. All measures are in meters.
MEASUREMENT AND CALCULATION PROCEDURE
The HRR in the fire experiments was determined with aid of the oxygen calorimetry concept [15].
The measuring station was 10 m from the back side of the steel container. The measurements used to
determine the HRR were thermocouples, pressure probes for determining the velocity and a gas
instrument to measure the oxygen content in the hot fire gases. The loggers and computers were
placed inside a measurement container indicated in figure 1.
The calculation of the HRR applied here is based on method presented by Ingason [16] using many
thermocouples distributed over the actual cross-section and only a single point for measuring gas
concentrations. The HRR is calculated according to the following equation derived from [17]:
. M
O2
Q = 13100 m a 
 Ma


 X O2 , 0 − X O2 , avg


(

)

[kW]

(1)

The molecular weight of oxygen M O2 is 32 g/mol. The molecular weight of air M a is 28.95 g/mol.
The mole fraction of oxygen in the ambient air X O2 , 0 is 0.2095. In equation (1) it is assumed that
13100 kJ/kg (E-factor) is released per kg of oxygen consumed and that air mass flow rate of
.

combustion gases equals the ambient air mass flow rate, m a = ρ 0 u 0 A . Here ρ 0 is the ambient
density of air (kg/m3), u 0 is the average ambient velocity measured on the warm side. The warm
velocity is converted to ambient velocity through the ideal gas law:

 T
u 0 = u avg ⋅  0
T
 avg






[m/s]

(2)

It has been shown by Ingason [16], that it is possible to relate multiple gas temperatures
measurements in a single tunnel cross-section to the average oxygen concentrations in a longitudinal
tunnel flow, see equations (3). The average concentration of oxygen was calculated using the
following equations:
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where Ti , is the individual thermocouples, each on different heights and N T is the number of
temperature measuring points. The number of points in our case is 5. The measured average oxygen
concentration is then put into equation (1) to calculate the HRR.
THE FULL SCALE FIRE-FIGHTING TESTS
The six different tests were performed and set-up to meet the working legislation that Swedish fire
fighters have to meet in order to perform BA-operations in smoke filled environments. The first test is
a standard procedure with equipment that can be found on many fire stations in Sweden as well as
abroad. The first test was used as a “model” or a reference test to which the other tests were to be
compared to. Before each test was conducted a thorough briefing was performed. This was to ensure
that each one of the fire fighters were familiar to the test and the task that was expected of each
member in the BA-team. For safety reasons the fire fighters were shown the test area without smoke
prior the tests. The initiation of the full-scale fire and the production of artificial smoke were adjusted
to reach the peak when the teams were expected to reach the scene of the fire. The personnel that were
performing the tests consisted of professional fire fighters, both men and women from three different
fire brigades. The fire brigades in turn represent organizations from larger urban zones (>1 Million
inhabitants), large cities (>100,000 inhabitants) and provincial towns (<25,000 inhabitants). Each test
was closely documented by a camera team of fire fighters with IR image cameras as well as fixed IR
image cameras. The BA-teams were also equipped with IR image cameras of four different models.
The criteria for when each fire was considered extinguished were when no flames could be seen or no
re-ignition occurred. The six tests were as follows:
1.
2.
3.
4.

Traditional hose lay-out with traditional fire hose baskets and the hoses pressurized.
Traditional hose lay-out with “quick hose harnesses” and the hoses pressurized.
Traditional hose lay-out with traditional fire hose baskets and empty hoses.
Advancement in tunnel and extinguishing sequence with CAFS (Compressed air foam
system) 38 mm hose lay-out.
5. Advancement in tunnel and extinguishing sequence with cutting extinguisher.
6. Advancement in tunnel with aid of a trolley for transportation of traditional equipment and
extinguishing sequence. Extra bottles of transport air in trolley.
Method and procedures
The organization used during the tests consisted of three BA-teams with 2 fire fighters in each team.
The organization and the modus operandi is basically the same throughout the test series. The front
BA-team i.e. the pair that was in the front and always performed the extinguishing sequences was
named the Red team. The second BA-team that also functioned as a safety team to the Red team was
named the Green team and was located at Assembly Point 2 (AP2). The third team was named the
Black team (AP1) and functioned as a safety team to the Green team. In figure 1 the positions of each
team are indicated. A BA coordination officer was placed in a smoke free environment just outside
the entrance of the tunnel on the assembly point zero (AP0). For additional safety an extra emergency
BA-team with one extra BA coordination officer was on standby at AP0. Additional personnel were
the incident commander (IC) and the firefighter that was managing the water pumps. The
communication and the documentation of the tests were monitored by two operators in a command
vehicle just outside the tunnel entrance. A crew of technicians monitored the measuring equipment
installed in the tunnel. The basic procedures for the test 1 to 5 were as follows:
a) The operational part of the test started when the safety team who ignited the wood pallets in
the container is back to the tunnel entrance (AP0).
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b) The green and black teams begin to enter the tunnel together and in a joint effort set up the
internal assembly point AP2, see figure 1.
c) The black team returns to AP0 to function as a safety team for the green team.
d) The green team prepares their hoses and equipment and get ready for the task of being a
safety team to the red team.
e) When the black and green teams are at AP2 the red team begin their route to AP2 (to connect
their hoses) and then onward to the scene of the fire.
Test 6 was conducted somewhat different because of the joint transportation of equipment. The
equipment was arranged on a trolley and the three teams moved together to AP2 and then the red team
further to the scene of the fire to extinguish the fire.
The overall fire-fighting hose line from the pumper at AP0 via the assembly points inside the tunnel,
AP1 and AP2, and then further to its full extent was made up of the following hose components:
•
•
•
•
•
•

2 supply lines of 63 mm. (25 m) hoses
Manifold 1
3 supply lines of 63 mm. (25 m) hoses
Manifold 2
3 attack lines of 42 mm (25 m) hoses
Which sums up to 200 m. of attack hose line.

The criteria for the extinguishment of the fires were objectively estimated by noting when there were
no more flames and no re-ignition. In the full-scale fire and rescue tests the 150 meters transportation
was combined with extinguishing a potentially 18 MW fire. In table 1, a summary of the walking
speeds and consumption of air is given for each test. This will be compared with the measured HRRs
given in next section. The minimum pressure in the BA air cylinders were set to be 100 bar. After
reaching this level each fire fighter had to start the retreat. This gives a theoretical limit for the group
of six fire fighters of: 300 (bar) x 13.4 (l) x 6 => 24 120 (l), given the simplification that each
individual has the same air consumption.
Table 1 A summary of the front movement times, time to extinguishment criteria, time to extinguish
the fire and amount of extinguishing agent and amount of consumed air for each test water (w), foam
concentrate (f)
Test nr approach

1 - Conv.
2 - Conv./
JT pac
3 - Conv./
empty
4 - CAFS
5 - Cutting
ext.
6 - Conv/
trolley

Time to
reach AP1

Time to
reach AP2

Time to
reach fire
source

Time to
extinguish

Ext.
agent

Consumed air
(tot)

Consumed
air
(tot)

[min]
14 min 45 s*
18 min 9 s

Time to
reach
extinguishing
criteria
[min]
15 min **
20 min 23 s

[min]
1 min 30 s
1 min 3 s

[min]
7 min 40 s
5 min 8 s

[min]
15 s **
2 min 14 s

[l]
471 (w)
1498 (w)

[bar]
930
878

[l]
6324
11765

1 min 17 s

5 min 11 s

11 min 30 s

15 min 25 s

3 min 55 s

494 (w)

946

12676

1 min 7 s

5 min 49 s

21 min 22 s

23 min 4 s

1 min 42 s

1163

15584

1 min

5 min 57 s

16 min 10 s

-

-

400 (w),
1,8 (f)
250 (w)

958

12837

1 min 29 s

12 min 49 s

29 min 12 s

31 min 9 s***

1 min 30 s***

Transp.
air:
665
BA:
595
Tot:
1260

Transp.
air:
4522
BA:
7973
Tot:
12495

* BA-teams stand-by at AP2 due to high temperatures. Decision was made not to repeat test 1, as movement tests with same
set up were performed earlier in May 2013.** Due to high HRR the test ran out of fire load. *** 27 s delay due to problem
with water pressure from fire truck.
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DISCUSSION AND RESULTS
Fire tests
First, the HRR measurements from the six tests are presented in figure 3. The figure on the left side
shows a comparison of all HRRs. The figure on the right hand side shows only three tests (2,3 and 6)
in order to clarify the effects of different tactics. In test 1, the front doors never closed properly after
ignition and they maintained open during the test. This clearly influenced the fire growth rate, the
peak HRR and the duration of the fire. The increase is about factor 1.5 in peak HRR and a factor 6 in
fire growth rate. As the door is open the wind pushed the flames through the wood pallet piles and the
fire spread through the piles and increased dramatically resulting in much faster fire growth rate. The
increase in peak HRR is related to intensifying the combustion process and surface combustion of the
wood due to the wind. When the door is closed, the only access of air is through the windows and the
combustion process becomes totally different. In this case fire becomes more like a compartment fire,
and the process becomes dependent on the air exchange through the windows. The bypassing wind
flow partly affects this process but not dramatically as in the flow-through case. Due to a restrained
test schedule it was decided to follow the planned test schedule and not to repeat test 1. Beside the
practical complication the research team has access to movement tests that were performed earlier in
May 2013 and they will be used to put test 1 into the perspective of the other tests.
The pre-calculation estimated the fire to become ventilation controlled and 18 MW was expected.
This appears to fit very well to the results, see table 2, where peak HRRs are summarized. The
maximum values tend to be closer to 20 MW. The integrated energy Etot is about 20 GJ. This can be
seen in test 6, which is more or less a free burn test as almost no wood pallets were left. Assuming
2000 kg and heat of combustion for wood of 0.012 GJ/kg, the total energy should be 24 GJ. In test 2
and test 3, the lowest Etot values were obtained which was reflected in the number of pallets remained
after the test. Also the peak HRRs are slightly lower, or about 18 MW. This shows that the fire was
clearly affected by the firefighters. This fits well with values given in table 1 about action times and
time to extinction. Tests 4 and 5, are also affected slightly, at least the Etot indicates that. The
temperature measurements given in table 2 do not reveal any indications on the performance.
However, the backlayering temperature Tmax,b, 28 m upstream the fire is alarming high. The protection
of the tunnel indicates a very good function. The HRR curves have also been integrated in order to
estimate the energy content, Etot in GJ.

Figure 3

The measured HRR for the six tests performed. To the left all tests are shown, and to the
right, only three tests are shown in order to better see the effects of different methods.

In table 2, the maximum temperatures in the ceiling, Tmax,ceiling as well as the plate temperatures, Tmax,p
beside the container, which indicates the effects of radiation, are given.
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Table 2 Summary of data from the six full scale tests.
Test nr
Qmax
Tmax, ceiling
Tmax,p
o
(MW)
( C)
(oC)
1
33.0
715
325
2
18.1
401
340
3
18.7
366
371
4
17.6
368
397
5
25.5*
425
311
6
21.0
412
336
* this value is a single value, most of the data is around 20 MW as peak.

Tmax,b
(oC)
402
349
337
387
312
334

Etot
(GJ)
19.4
11.6
8.0
14.4
14.9
20.9

Fire-fighting tests
All the tests show the importance of preparation for both the individual team member and the group.
It is vital that everyone knows what is expected of him/her and the standard operation procedures that
are to be executed. Any flaw or mistake could result in a “system break down” and that the task has to
be reset and started all over again or are severely delayed. The limiting factor aside from knowing
how to perform the fire-fighting task is the air consumption. This can be clearly seen in table 1. The
air consumption is highly dependable on each team members physical prerequisites i.e. body mass,
fitness, workload and strain etc. As the amount of air is a limiting factor, the individuals in the team
with less amount of air for disposal often will set the duration for the complete BA-team. In the tests
it’s clearly shown that a lot of energy is consumed just to move in the environment and to carry or
pull the equipment. Test 3 shows that time and energy is saved when the teams can advance with
empty hoses i.e. light equipment. This also has the benefit of advancing the team early into a fire or a
rescue operation. Test 6 shows that the use of special equipment such as trolleys for transportation,
additional air-supply etc. carefully should be tested and practiced before taken into action. What
seems to be easy in a bright and smoke free environment during exercises and preparation could be a
difficult and even impossible task in a smoke-filled and complex environment.
Tests 4 and 5 which were the only tests where a different extinguishing method and extinguishing
media (4) was used also show the importance of the maneuverability of the equipment. In test 4 the
CAFS-system demonstrated a good performance in extinguishing the fire and with a low amount of
water and foam, but it came with a high effort for the team to pull the hose the given distance. Earlier
tests performed in the same mine in May 2013 indicates that advancement with an empty hose even
here could be less strenuous. The IR images, taken approximately 5 minutes after the extinguish
criteria was reached, though indicated that most of the foam was consumed and the approximately 0.4
to 0.5 m thick layer of glowing remains could re-ignite. As the glowing layer later was soaked in
water in order to make it possible to clean the container for the next test, a re-ignition never occurred.
The long-tern success to extinguish a fibrous fire will to some extent always correlate to the amount
of used water. In test 5 the effort to pull the hose was less, but in addition the performance to put out
the fire in the container was not as good as in the other tests using water (normal pressure) or foam.
The configuration of the burning object seems to be a factor to take into consideration when fighting
fires underground. The steel container added some difficulties for the BA-teams in the way that the
openings were somewhat elevated (1.5m) to imitate a real train or metro carriage. Some fire fighters
complained that it was hard to direct the spray of the water or foam in through the openings and on to
the burning fuel surface. The main cause was the height of the opening and radiating heat from the
container. The heat and backlayering distance, especially in test 1, made it impossible for the team to
continue and the advancement of the team actually had to be halted half-way in the tunnel for safety
reasons. The main reason for the high HRR was that the container doors suddenly swung open during
the test.
From fire energy consumption point of view it is clear the test 2 and 3 were very successful;
especially test 3, which consumed least energy in the fire. In test 3, the fire fighters were also fastest
to reach to the scene of the fire, mainly because they had no water in the hoses. They started to fight
the fire before it reached its peak HRR. In tests 2 and 3 it took them about 3-4 minutes to suppress the
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fire. Due to the fact that test 1 had much faster development it is difficult to compare that test to the
others. When they arrived the HRR was going down very rapidly and the fuel was almost totally
consumed, see table 1 and 2. The short extinguishing time may be explained by this fact.
CONCLUSIONS
To perform a safe BA-operation in a smoke filled environment underground and over longer distances
than 75 meters, is complicated and requires a team effort. The tests show that the time to reach the fire
source is between 15 to 30 minutes. A limiting factor is the available amount of air. As the air
consumption is highly dependent on the physical strain one of the ways to enhance the endurance is to
make movement in the tunnel and the transportation of equipment easier. Another way to accomplish
this could be to use bigger air cylinders or to use rebreathes with oxygen. The latter system could
however have other negative consequences and should be further tested and evaluated under similar
conditions. Another way to enhance endurance and to also benefit from a quick response time is to
use light equipment such as dry hoses or take use of a pre-fitted fire hose-system if that option is
available. Water spray from a standard nozzle (300 l/min, 6 bar) has a good extinguishing effect on
the burning wooden pallets. High pressure water spray (> 250 bar, 58 l/min.) had some problems to
penetrate the water droplets on to the surface of the pallets. The use of a trolley for transportation of
equipment might prolong the endurance for the BA teams, but must be carefully exercised and
planned to function in a real-life situation. The use of a common (each team) additional air supply
combined with separate air hoses on the trolley was somewhat cumbersome to handle. The hoses got
tangled to each other and mixed in the dense smoke. When fighting fires or performing rescue
operations in tunnels with bare rock or concrete lining with risk of spalling, safety measures must be
taken to prevent the risk of falling material (rock, concrete etc.) as a result of weakened surfaces due
to heat exposure Even though there was as safety net bolted to the walls and ceiling of the drift the
risk of falling rock is well documented in the films that was taken with the IR image cameras.
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ABSRACT
Modern road tunnels in Australia and New Zealand are typically provided with a range of life safety
systems including Fixed Fire Fighting Systems (FFFS). These systems are installed for a number of
reasons including incident mitigation and to support the means of egress in the event of an emergency
such as a fire. An increased focus of modern road tunnel design, which is in part driven by a
performance based approach, is the specific consideration of fire fighting operations and fire brigade
needs as part of the holistic design process. FFFS, and in particular deluge systems, are now common
practice across Australasia and are typically installed in long tunnels. The provision of deluge systems
in particular, are recognised and accepted by the fire brigades as one of the key fire life safety systems
to support fire brigade intervention in the event of fire [1].
There is much discussion and consideration within the literature that deals with fire fighting
operations in underground infrastructure including road tunnels [2, 3, 4]. However, there is very little
discussion, if any, that deals with the provision of FFFS and the ever increasing complexity of modern
road tunnel design and their systems. This paper discusses the recent increase in road tunnel
infrastructure in Australia and New Zealand, the lessons learnt and findings being applied to tunnels
from a fire fighting perspective.
KEYWORDS: Fire Fighting Operations, Fixed Fire Fighting Systems, Incident Management
Planning, Emergency Services, Fire Brigade Intervention
AUSTRALIAN AND NEW ZEALAND ROAD TUNNELS
Australia is following international trends in road and rail traffic management for major cities by
including tunnels as part of the overall traffic management plan. Nowhere is this more apparent than
in Brisbane, the capital city of Queensland. Only a few years ago, Brisbane had very few tunnels of
any significance. On 15 March 2010, Australia’s largest road tunnel, the 4.8 km “Clem7”, opened to
traffic in Brisbane. This milestone for tunnelling in Australia was eclipsed on 24 June 2012 when
Brisbane’s 5.3 km Airport Link Tunnel opened for traffic. Brisbane’s third major road tunnel, the 4.6
km “Legacy Way” is currently under construction and scheduled for opening in mid-2015.
New Zealand has a long history of road tunnels and is now following Australia’s lead with a number
of road tunnel projects recently completed with more currently being designed and under
consideration. Prior to 2009, there had not been any major road tunnels constructed in New Zealand
for over 30 years. In Auckland, New Zealand’s largest city, there are now two major road tunnels
operating, a third due for completion and the Waterview Connection Project, which comprises of 2.5
km of twin bored tunnels is currently under construction. At just over 14m in diameter, the Waterview
tunnel boring machine will be the 10th biggest ever built globally, and will create Australasia’s largest
ever tunnel. In Wellington, the existing Terrace and Mt Victoria tunnels have recently undergone
safety upgrades including the provision of deluge systems.
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TUNNEL DESIGN GUIDANCE
New Zealand does not have any specific tunnel design guidance and has historically looked to
Australia and further overseas for support with design and operational considerations. In 2001 the
Australasian Fire and Emergency Services Authorities Council (AFAC), of which the NZFS is a
member, produced the 'Fire Safety Guidelines for Road Tunnels’ [1]. The AFAC guidelines were seen
as a response from the Australian Fire Brigades to ensure their involvement within the design of
tunnels and to assist Fire Brigades in providing comment to developers regarding fire and life safety
matters. In 2011 the Australian Standard AS 4825 Tunnel Fire Safety [5] was published to standardise
and reduce the inconsistency of tunnel design throughout Australia. Whilst not a mandatory document
in New Zealand, AS 4825 has some recognition through the Austroads association of which the New
Zealand Transport Agency (NZTA) is a member. The Austroads Guidance to Road Tunnels [6]
identifies that the basis for its guidance is that contained within AS 4825.
An increased focus of modern road tunnel design, which is in part driven by a performance based
approach, is the specific consideration of fire fighting operations as part of the holistic design process.
This is recognised in various standards and is defined in AS 4825 to include:
Fire Brigade Intervention
All fire agency activities from time of notification up to departure from the incident site and
includes all fire brigade operations.
Fire Brigade Operations
All firefighter activities from time of arrival at an incident including set-up, search and rescue,
fire attack extinguishment and other activities up to time of departure from the incident site.
The Australian Standard goes on to state that;
“An integral part of the fire safety strategy of a tunnel is the intervention of the emergency
services to carry out search and rescue and firefighting activities”
The above statement is consistent with other internationally recognised standards and tunnel design
guidance such as that of PIARC [8] and NFPA 502 [9]. FFFS are now common practice in both new
tunnel design and also existing tunnel retrofits and are typically installed in long tunnels in both
Australia and New Zealand. Long Tunnels are defined as those longer than 120m by AS 4825. The
provision of FFFS and Deluge systems in particular, are recognised and accepted by Fire Brigades as
one of the key fire life safety systems to support Fire Brigade Intervention in the event of fire. To
meet this intended design guidance and ensure that the necessary needs and functional requirements
of the Fire Brigades is met, both for the initial tunnel design and over the tunnels operational lifetime,
it is necessary for both designers and fire brigade representatives to have an understanding of fire
brigade operations in tunnels.
FIRE FIGHTING GUIDANCE
Most of the available literature regarding fire fighting operations is road tunnels focuses of the
difficulties associated with undertaking fire fighting and rescue operations underground with
particular emphasis on the limitations of the use of breathing apparatus within the underground
environment. However, there is limited discussion available regarding fire fighting operations in
tunnels equipped with FFFS and other systems now commonly found in modern road tunnels that can
have a significant influence on the evolution of fire fighting and rescue operations. This gap is evident
even within recent research such as the SP Report [3] which states that;
For tunnels with fixed fire suppression systems, more research is necessary for the development
of effective fire fighting operations. Based on the findings from the research, desirable
operations should be developed and proposed.
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These following sections describe the authors experience and findings from fire fighting operations
undertaken within many of Australasia’s tunnels including real fire events and the many field
exercises and that been undertaken and have included the operation and interaction with FFFS.
Fixed Fire Fighting Systems
FFFS are strongly supported as one of the main means to control fire size and support fire fighting
intervention in road tunnels. However, the experience of fire fighting operations in tunnels provided
with FFFS and in particular deluge systems, which are now common place in Australasia, require
their impact on both fire fighting and rescue operations to be specifically considered.
A recent fire event within the Clem 7 tunnel identified some of the problems associated with the
provision and operation of deluge systems as identified by comments made by one of the authors in
response to the investigation into the operational response:
“The deluge was so thick that the crew almost ran into the car in question”
“The force and noise of the deluge made it impossible to use radio communications”
The above problems have also been observed within the many emergency field exercises that are
regularly conducted within tunnels containing deluge systems. Without experience it has been found
that both members of the public and the emergency services have in many situations tried to enter the
operating FFFS zones without appreciating the complete loss of visibility and high noise associated
with this environment. Experience of this environment suggests a comparison to ‘white out’
conditions which can quickly lead to disorientation, particularly if there is no fire hose to follow back
out of the zones.

a)
b)
Figure 1 a) View inside a vehicle within the operating deluge zone and b) Fire fighters advancing
towards multiple vehicles obscured by deluge spray
Common practice for tunnel management and the operation of FFFS is for the systems to be designed
and operated on the basis of manual operator activation with automatic back up in the event that the
operator does not respond to alarms. This practice is reliant on the presence of a dedicated operator
who is trained in the correct use and operation of these systems. The ability of trained operators to
rapidly deploy FFFS has been shown to be a major contributor to the effectiveness and ability of
FFFS to control fire growth and prevent fires from spreading [10]. However, the need to operate these
systems at the earliest opportunity also places some reliance on the operator’s prior knowledge of the
incident that has occurred within the FFFS zone and requires effective communication of this incident
to the fire brigades on arrival so that an appropriate intervention strategy can be put in place prior to
commencing fire fighting operations. In particular, communication between fire brigades and tunnel
operators is essential to enable a decision to be made whether to send emergency services into the
FFFS zone or to shut down the FFFS first. However, experience to date suggests that initiating
effective communications between responding fire fighters and tunnel operators is not necessarily
occurring to the extent necessary to allow both parties to understand each other’s current and
proposed actions. In summary the following observations are provided to support additional
considerations which need to be made with regards to the operation of FFFS:
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• Loss of visibility
The loss of visibility for fire fighters, tunnel operators and those caught within the operating FFFS
means that it is difficult to understand what is going on. The loss of visibility is significant as it can be
difficult to establish the nature of the incident and its evolution over time. If a fire occurs
immediately, it has been observed that it may not be readily possible to identify how many vehicles or
occupants may be involved. This can be particularly problematic as the presence of dangerous goods
vehicles directly involved or local to fires may not be obvious. This is also true as to the problem of
determining whether occupants remain trapped and require immediate rescue from vehicles or if
occupants have simply chosen to remain within their vehicles.
• Water water everywhere
So much water means that other design considerations, such as the drainage system and FFFS runoff
become important factors. Contaminated fire fighting water runoff and the impact on fire fighting
operations needs to be considered particularly during extended operations. Fire fighters also need to
appreciate what this will look like inside the tunnel. Can a river of water be expected along the side of
the tunnel during FFFS operation or should this be captured entirely in the operating zone? It may not
be practicable to capture all of the FFFS run off within the operating zones, so the question of what is
acceptable needs to be established and then understood by responding brigades. If not, confusion as to
the failure of drainage systems and safety of contaminated run off may cause problems and potentially
incur delays to fire fighters reaching and operating in the areas affected.
• If fire fighters go into the deluge system they get soaked
Fire fighting in wet clothing can be hazardous as the ability of fire fighters clothing to provide
protection from the thermal effects of fires and contamination is reduced, to the extent that prolonged
fire fighting operations in saturated clothing can become dangerous. As such fire fighters cannot
normally operate inside the operating deluge zone so procedures and an understanding of this
environment needs to be developed. This may include appointing different tasks to different fire
fighters and ensuring that sufficient resources are available so that fire fighters can rotate and swap
tasks if their clothing becomes saturated.
• Turning on and off FFFS
Turning FFFS off is typically necessary to provide final control and suppression of the fire. To enable
a decision to be made to turn off a FFFS system and risk fire flare up or allow fires to grow, fire
fighters require knowledge and confidence in the system operation to ensure that they don't turn of the
systems prematurely. FFFS are usually zoned, typically in 25-30m long zones with multiple zones
operating at any one time. The firefighting water supplies including hydrant systems are typically also
supplied from combined mains, which should be designed to enable sufficient firefighting resources
to be established and put in place before the FFFS system is shut down. It is then recommended that
the FFFS be shut down one zone at a time based on knowledge of the location of the incident and
resources positioned to enable water sprays to be positioned over the location of the fire prior to and
during system shut down. This type of procedure whilst taking into account information and
understanding of the fire size, will dictate whether water can be put onto the seat of the fire whilst the
FFFS system is still operating or if it needs to be turned off first. It then becomes a risk informed
decision as to whether it is better to leave the FFFS system operational in an attempt to extinguish the
fire, rather than risk turning it off and allowing the fire to regain hold. Appropriate control and
knowledge of operation of the FFFS then becomes essential for both the tunnel operators and fire
fighters to understand. Who will operate the system in these circumstances, system design to prevent
over complication will then form an essential part of the upfront FFFS design.
• Visibility through FFFS and ventilation operation
Fire fighters should be aware of the differences that can evolve as a result of ventilation conditions
inside the tunnel, not only with respect to smoke but also with its effect on visibility inside the FFFS
zone. It has been observed that the ventilation rate can either help with visibility or hinder it
depending on its operation. The complication of smoke being released inside the deluge zone is also
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another factor that can significantly affect the visibility conditions internal to the FFFS zones.
• Correct FFFS system operation
The size and capacity of the FFFS system is important as it is not always easy to correctly identify and
operate the correct zone. This has been observed from both an operator and fire fighters perspective.
During a trial within a 300m long tunnel containing a deluge system, fire fighters took five attempts to
operate the correct deluge zone from a remote fire panel, even though they could see from one end to
the other, including the incident location. This ‘trial and error’ approach indicates the difficulty of fire
fighters remotely and locally choosing the right zone from either a local or remote fire panel and
brings into question the over complication and provision of multiple FFFS control points. This leads
to a number of design considerations including;
o That it is considered preferable to have tunnel operators oversee FFFS, aided by
appropriately located CCTV systems,
o It is necessary to provide appropriate FFFS zone identification, including signage and
markings internal to the tunnel and on the systems components, i.e. deluge vales and
manual release valves,
o The design of the system should include the capacity to provide extra zone operation/areas
coverage. This way additional zones can be activated without having to close of a zone first
which can be important for incidents occurring at the edge of zone boundaries.

Figure 2 Examples of FFFS zone markings used in New Zealand’s tunnels
• FFFS training and familiarisation
It is important to undertake acceptance testing and commissioning of all tunnels safety systems, with a
particular emphasis on FFFS to allow tunnel operators to practice and understand factors associated
with their operation. For example, the accuracy of correct zone identification and operation through a
CCTV system needs to be appreciated as well as the time taken between ‘pressing a button and water
dropping’ can be considerable. Fire fighters should be involved in these opportunities to help them
understand system operation and system characteristics and their individual idiosyncrasies.
• Fire fighting water supplies
It is standard practice in Australasia to design fire fighting water supplies to include for 1 hour supply
for the FFFS system and 4 hours supply to the hydrant system including allowance for redundancy in
supply. Taking into account the necessary operating flow and pressures requirements dictated by
relevant standards can result in significant on site water storage capacity and street main supplies.
Other considerations including the capacity of drainage systems, need to allow for both FFFS and
other fire fighting operations that may further release water into the tunnels drainage system.
Typically it will be unnecessary to design for hydrant and FFFS operation at the same time, especially
at full flow and pressure. However there will be times when operation of the two systems overlap
which needs to be catered for. These considerations extend not only to the design of the these systems
but also other system design capacities including drainage sump design where in-tunnel water flows
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and external events such as rain need to be considered to prevent exceeding their design capacity. An
understanding of fire fighting operations and the development of appropriate fire fighting tactics
taking into account FFFS operation, can in some cases lead to the most appropriate design
development of drainage system elements and ensure that these systems do cater for incident
scenarios whilst at the same time not be over specified.
Smoke control and ventilation systems
Of major importance is the impact of smoke control, ventilation system control and their operation
with respect to fire fighting operations. Smoke control in the event of a tunnel fire is essential to allow
fire fighters to make entry to tunnels and effect fire fighting and rescue operations. Typical tunnel
ventilation systems including transverse and longitudinal ventilation systems are operationally very
different systems for fire brigades to operate with.
Longitudinally ventilated systems are generally considered preferable due to their ability to prevent
back layering and provide a clear path to the location of the incident in fresh air. These systems are
usually simplistic in operation and also conceptually for fire brigades to understand. However,
depending on system specifics their availability and use under all possible conditions such as during
times of traffic congestion, may not be possible. Also depending on the specifics of the system design,
these systems may have different modes of operation requiring an understanding of their impact on
smoke and FFFS interaction. For example, if smoke is allowed to stratify during the evacuation
period, operating the ventilation system for smoke clearance to allow safe fighting operations may be
necessary. However, changing the ventilation conditions may drastically alter conditions within the
tunnel. Such changes need to be understood by both tunnel operators and fire brigades so that they do
not interpret these changes as failures of the ventilation systems. Figure 3 below shows the impact of
operating jet fans on a stratified smoke layer and the disruption of the smoke layer.

a)
b)
Figure 3 a)Back layering of smoke occurring prior to operation of the ventilation system and b)
seconds later, the effects of a de-stratified smoke layer with a ‘smoke front’ or ‘smoke plug’ seen
advancing towards the fire location as the jet fans ramp up.
Emergency access to the incident location in a longitudinally ventilated tunnel goes hand in hand with
the direction of traffic with contraflow options normally unavailable. Different to longitudinal
ventilation, transverse systems utilising point type extraction sometimes allow greater flexibility in
access direction, but may require fire fighting operations to take place underneath the smoke layer
inside the ventilation zone. Complicating both of these smoke control and fire fighting principles
arises when the impact of FFFS system is also taken into account. Upon FFFS operation a stratified
smoke layer will be destroyed, mixing with the water spray which in some situations may appear as a
solid wall of water spray and smoke. Depending on the type of ventilation system they may help push
the smoke through the water spray whilst being cooled, or may simply create a solid wall of smoke.
The operation of different types of ventilation systems and knowledge of fire fighting intervention
also becomes important when appreciating the impact of operating the wrong zone versus delays in
operating these systems and direction of operation. It is well known that the more simplistic a system,
the higher the chance of it operating successfully. Further, adding complexity through multiple
complex control points and via interaction of tunnel control systems and fire system control adds
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additional points of failure. Introducing an untrained fire fighter to the mix with the ability to turn on,
turn off and reverse ventilation systems can present a recipe for disaster.

a)
b)
Figure 4 a) A‘wall of smoke’ on the edge of a ventilation zone during the Burnley Tunnel fire incident
and b) deluge operation within the Clem Jones Tunnel (CLEM7)tunnel.
Fire systems controls
Tunnel fire systems are becoming ever more complicated, necessitating the need for the systems to be
operated by trained tunnel operators rather than relying on the first arriving fire brigade personal to
operator systems remote from the fire scene. The authors have observed the conflict between the
traditional building approach and that required to be employed within tunnels when it comes to fire
system design and consideration of operational control and over sight of these systems. It is standard
practice in building design for fire systems to be automatic in operation with local manual control
provided at the fire alarm panel, typically located at the main entrance of the building. In tunnels
however, it is often necessary for the tunnel operators, who are often located in a remote location to
the tunnel, to have full system control. Tunnels share similarities in some sense to major process
facilities in that ‘the process’, i.e. vehicles flowing through the tunnel, is overseen by operators who
can identify the onset or early stages of an incident and if they have sufficient training and experience,
can operate safety systems to retain control or shut down the process in a safe manner and to prevent
escalation of the incident. For tunnels it is necessary to understand these principles and apply them to
the fire system design and fire brigade Standard Operational Procedures (SOP’s).
Long tunnels with zoned FFFS and detection systems can lead to the identification of some hundreds
of detection and deluge zones. Providing local control at multiple remote fire panels has been
observed to provide an unnecessary level of complication to the system design and importantly a level
of system complexity that is simply too difficult for a fire fighter who is not trained and familiar with
the tunnels systems, to understand. Furthermore, with multiple points of control and the ability to
isolate both tunnel operators and fire fighters from the systems operation, it is important that both the
systems designers, tunnel operators and fire brigades fully understand the implication of making
design decisions regarding system provision and functionality. Where a tunnel is overseen by
dedicated operator’s, fire fighters need to be in a position to be able to trust and rely on operator
oversight and appreciate that they are not necessarily best placed to operate fire safety systems as they
would in a normal building. Once this concept is understood by all parties, the burden of training and
system operation can be placed upon the operators who are best placed to operate these systems. This
however requires confidence in each other’s ability to perform these tasks which can only be gained
through experience including emergency field exercises and heavily relies on appropriate
communications.
The operation of ventilation systems as with FFFS should be ideally left to the tunnel operators who
should have a fundamental understanding of the systems operation and impact of system interference
either deliberately or unintentionally. Direct contact between the parties is then necessary so that any
misunderstanding and system operation needs can be clearly understood and the impact of operating
or shutting down a system can be communicated between parties.
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Communications
Communications between the various emergency services and between the emergency services and
tunnel operators is critical to a successful incident outcome. This is particularly important where the
command and control aspects of the incident and system operation are fundamentally interlinked, yet
controlled by different parties. It is therefore necessary to provide multiple means of communication,
both internal to the tunnel and external to allow the emergency services to communicate with each
other and with the tunnel operators. Systems typically utilized include;
o leaky feeder coaxial cables – to allow radio communications throughout the tunnels and
their ancillary spaces
o Motorist Emergency Telephones (MET) and maintenance phones (hardwired and Internet
Protocol phones) located throughout tunnel spaces to provide redundant and multiple
communication paths
o Personnel Announcement (PA) systems to allow tunnel operators and the emergency
services to communicate and broadcast messages to the general tunnel population
The design of these systems requires consideration of the tunnel environment as again it has been
observed that applying systems typically in building design within the tunnel environment can lead to
problems in use. PA systems for example need to be configured specific to the tunnel and be
controllable, including system design to allow operators to differentiate between tunnel bores and
locations. If the design of PA systems is not undertaken taking into account the tunnel characteristics,
then speech intelligibility can be poor leading to confusion and difficulties interpreting safety message
and instructions. These issues become compounded with the operation of FFFS which can be very
noisy as well as normal and emergency vehicle operations. Experience to date in tunnels has
identified that PA systems may need to be isolated at the earliest opportunity, irrespective of whether
evacuation has been completed or not due to these systems hampering communications between
emergency responders working inside and outside the tunnel. Operating PA systems and fire alarms
may be a contradiction to what occurs in normal buildings where fire brigades leave such system in
operation until they are confident that occupants have evacuated the building and to prevent
reoccupation. Another important consideration to the design and operation of communication systems
in tunnels includes provision such as handsets and ear pieces to aid the use of equipment in high noise
environments. The provision of multiple systems may also be necessary to ensure that communication
between parties is available and maintained throughout the incident. For example, it may be necessary
to provide more than one means of communication at the main staging points, i.e. two phones with
individual dial in/extension numbers as communications between tunnel operators and other parts of
the tunnel may be necessary at the same time by various parties.
Time to intervention and rescue
The authors have identified that designers and other stakeholders in tunnels tend to underestimate the
time it may take for fire fighters to set up and establish operations. This is particularly relevant to
situations considering both short and long travel times from fire stations where perceptions can lead to
an underestimation of other time components once arrival on scene has occurred. Two recent
independent emergency exercises in Australia and New Zealand have indicated that it might take 30
minutes or longer before fire fighters are ready to enter the tunnel and reach trapped people inside the
operating deluge zone. The involvement of hazardous goods may increase this time significantly.
OPERATIONAL PLANNING
As part of the design and as soon as practicable, designers need to involve fire brigade representatives
with the design development of the tunnel. This involvement and collaboration works both ways with
the designer in a position to provide help and support into the development of operational plans and
the fire brigade supporting the design to effectively integrate fire brigade resourcing and capability.
Operational plans need to be developed and improved throughout the design and life of the tunnel
including commissioning, acceptance testing and regular exercises.
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Local relevance
The impact of local knowledge and the experience of the fire fighters who will actually likely respond
to incidents in the tunnel under consideration cannot be underestimated. The Johnstone’s Hill tunnel
35km north of Auckland for example, is located within the first response area of a rural fire district
which includes a first response by a rural volunteer fire force. The tunnel is also very close to a wellsupported composite fire station comprising a mix of volunteers and career fire fighters. The time of
day of any incident occurring within the tunnel can therefore expect varying responses from a range
of fire brigade staff and equipment.
TRAINING AND EMEREGNCY FIELD EXERCISES
The AFAC guidelines recognised the importance of emergency exercises and need to undertake them
at regular and frequent intervals. The guidelines identify that they are necessary to test both the
individual parts of Incident Management Plans (IMP) and also that major exercises are required to test
the integration of the IMP’s into the emergency services response procedures. AS 4825 requires that,
amongst other things, emergency drills and exercises are undertaken as part of a suite of incident
mitigation measures. The standard recommends that exercises should be conducted with the
emergency services as part of the pre-incident planning function and be undertaken prior to the tunnel
opening. It also identifies that emergency management planning should be ‘tested’ by the application
of both desktop and field exercises, at least every two years. None of these documents are considered
mandatory application in New Zealand but are recognised as relevant by the Austroads association.
Prior to the publication of AS 4825, the Austroads Guide to Road Tunnels [6] identified that the basis
for its guidance would be that contained within the AS 4825 standard. As well as identifying the
requirements for emergency exercises from the then draft AS 4825, Part 3 of the Austroads
guidance [7] goes on to recognise the importance of desktop and major emergency field exercises in
the role of training tunnel operations staff.
FFFS OPERATIONAL PROCEDURES
There are a large number of factors that must be considered when developing emergency response
plans for tunnel incidents. The general geometry of the tunnel (twin bore/single bore, bi-directional or
unidirectional traffic flow, ventilation systems and availability of FFFS) will play a major role in
determining the strategic and tactical options available to emergency responders. For reasons such as
these, it is essential that each tunnel complex has its own specific operational plans that take into
account the large number of variables encountered.
There are however generic principles that can be applied to most tunnel situations. One of the most
important considerations is to gather mission critical information BEFORE committing crews and
emergency vehicles into the tunnel. The understanding of generic SOP’s from a designer’s
perspective can also be useful in testing the procedures against the design provisions during early
concept designs and throughout the various design stages to ensure that the procedures remain
applicable to the evolution of the design. For the purposes of providing some guidance and
establishing a set of basic operational tactics that can be applied to tunnels provided with FFFS the
following information provides a starting point.
Tunnel fire fighting can be extremely resource intensive and the internal environment can be
unforgiving of any attack that is attempted without prior consideration of the most advantageous
direction of approach. Traffic congestion is a critical factor in determining the most effective
approach route. It is therefore essential that fire and emergency crews liaise with tunnel operators to
gather essential information prior to entering the tunnel. Best practice is to keep the initial response
into the tunnel to a minimum to allow for an accurate initial size up before committing additional
resources. Once an accurate assessment is made of the resource requirements, the staged appliances
can be rapidly directed to the most advantageous locations.
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1. BEFORE committing crews and appliances into the tunnel it is essential to contact the tunnel
control centre and establish the following initial Mission Critical Information:
a. Type of incident (RTC, Entrapments, Hazmat, Fire)
b. Exact location
c. Number of vehicles and people involved or threatened
d. Internal conditions (fire, smoke, traffic congestion)
e. Evacuation in progress?
f. What fixed installations are in operation? – Are they being effective?
g. BEST ACCESS for emergency vehicles (TCP initiated to support flushing of tunnel and
clear access to emergency vehicles). Is there traffic downstream of the fire/ is there traffic
congestion inside of the tunnel
h. Incident commander to confirm incident visually via CCTV or through communication
with officers visually confirming scene in tunnel.
2. Establish water supplies and ensure that tunnel operators are aware of proposed tactics
3. Make entry to the incident tube (via the non-incident tube in twin bore tunnels) and establish
hoses at FFFS operating boundary
4. Establish that incident tunnel is clear of occupants or that if any remain they are in clear air under
operating ventilation system
5. Close down non-essential systems including alarms
6. When sufficient crews are available and in tunnel, where multiple FFFS zones are operating shut
down one zone and advance to next zone boundary
a. Shut down zones via tunnel operators or manually if required
b. Ensure that it is possible to re-establish operation of the FFFS
7. Shut down FFFS whilst providing cover spray to incident vehicle
8. Assess incident and establish
a. need to undertake casualty extrication
b. removal/aid occupants from FFFS zones to safe area
c. continued operation of ventilation system
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Cost effective education and training system for tunnel
personnel
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ABSTRACT
This article deals with the development of a dedicated education and training system for traffic
management operators controlling the Coentunnel in the Netherlands. The system will allow operators
to be trained sufficiently in operating the tunnel in order to maximise safety and security. By means of
proper and continuous consultation between client and contractor, this fit for purpose system has been
built in a cost effective way.
KEYWORDS: Training & Education, Tunnel Operators, Simulation, Command & Control
INTRODUCTION
In order to comply with current safety regulations, a tunnel not only needs to be equipped with the
appropriate technical measures, but above all, the operational organization needs to be well prepared,
before and after commissioning of the tunnel. In the Netherlands, it is required that all operation staff,
which work at the traffic control centre from which the tunnels are operated, are demonstrably trained
before the authorities allow a new or renovated road tunnel to be opened. This article will discuss how
this has been achieved for the Dutch 2nd Coentunnel project. The design, construction and
maintenance during the realisation phase was contracted to Coentunnel Construction v.o.f. (BESIX,
CFE, DEME, Dura Vermeer, TBI bouw, VINCI). This paper describes the design approach, the
system setup, the contribution to safety and security and concludes with conclusions and
recommendations for future developments.
For the client Rijkswaterstaat, the executive body of the Dutch ministry of infrastructure, Royal
HaskoningDHV developed a dedicated education and training system to enable proper operator
preparation for the 2nd Coentunnel project. This development has been carried out in close
cooperation with our partner Soltegro, the contractor and its subcontractor Croon, and the client
Rijkswaterstaat itself. The DBFM (Design Build Finance Maintain) project included the construction
of a new six lane immersed tunnel, the renovation of the existing 4 lane Coentunnel, extensions to
create direct connections with highways A5, A8 and A10 and maintenance of the project for a period
of 24 years.
PROBLEM STATEMENT
After commissioning, training on the actual tunnel control system is often not possible. Especially for
handling emergency situations, a training system with the same look and feel as the actual control
system is preferable. Regular training of handling emergency situations is very important; in such
situations there is no time to waste as lives may depend on it. Since most tunnels are open 24/7, it is
difficult to use the actual control system and tunnel for training purposes.
Therefore, for the complex Second Coentunnel project, a training system was considered necessary to
ensure the required level of safety. However, such a system for this specific tunnel didn’t exist. In
2010, a year and a half before commissioning of the tunnel, the development of the education and
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training system started. Besides the system itself, the education materials, user manual and training
manual needed to be established. With limited time and money and high quality requirements, it has
been a challenge for both the contractor and the client to develop a sufficient and effective training
system. For that reason a special working group was established, which became responsible for
defining a system.
At the start of this project, the scope of the education and training system was not very clear. The
views of the client and contractor on this subject differed. The design contract mentioned only a few
high level requirements. Besides these requirements, the customer had defined a functional
specification for the system, which had to be taken into account. The sum of these documents
contained a set of principles which could be interpreted in several ways. The first aim was to
formulate unambiguous requirements which both the client and contractor could agree on. To start
with, one main objective was formulated as follows:
“The education and training system should be suitable to train operators in such a way that they
become familiar with the object-specific Coentunnel command & control system.”
Based on this objective the development of the education and training system could be started.
DESIGN APPROACH
As highlighted in the problem statement, during the design stage, the design team had to deal with the
following challenges:
-

Limited time and budget,
Multi interpretable requirements.
First time right design

The most important challenge the project faced was to design and build a system which functioned as
expected in the end. Otherwise, it would be a show stopper for the commissioning of the tunnel.
Altogether, these challenges asked for an innovative approach. These innovative aspects will be
discussed in the design approach below.
Client and contractor joined in a working group
To overcome the challenge of limited time and budget, a different design approach has been
introduced. In traditional tunnel design processes, only final versions of design documents are
provided to the client for reviewing purposes. In most projects, this results in less client involvement
during the design phase which in turn leads to greater time spent dealing with comments from the
client at the review stage. To ensure greater client involvement and to speed up the design process, the
working group was set up to define the requirements and scope of the system and to review parts of
draft versions of design documents.
The working group comprised representatives of both the client and contract project team members.
In the workshops, several future tunnel operators, trainers, members of the client project team and
technical designers from the contractor team participated. The role of the Royal HaskoningDHV team
was the coordination of these workshops and to provide it with different kinds of skills and
knowledge. Depending on the topics to be discussed, different consultants took part in the workshops.
In summary, three different fields of RHDHV expertise were involved:
1. Process and requirements management expertise
2. Educational and human factors expertise
3. Technical expertise
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The combination of these fields of expertise provided added value for this working group. With
several fields of expertise, it is easier to understand the different stakeholders and their interests.
In addition to the working group, the contractor and client established a ‘tactical team’. This team,
which was also comprised of representatives of the client and the contractor, took decisions on a
higher decision level. This team was available to resolve these issues in a pragmatic and efficient way
to definitively determine the system scope. It was also responsible for contract issues.
The advantage of dividing these responsibilities was that the working group was able to focus on the
content of the system, without discussing contractual issues.
Scope analysis and definition
To deal with the challenge ‘multi interpretable requirements’, one of the first assignments in the
design process has been the execution of a system requirements analysis. The functional specification,
the design contract, and both the client and contractor perceptions on the system scope have been
analysed thoroughly. This was also completed during several workshops within the working group.
The functional specification consisted of a very extensive learning objective matrix containing all
learning objectives for the complete client training program. Since the system only needed to support
a part of this program, getting familiar with the command & control system, all learning objectives
have been decomposed to obtain only those requirements specific for the education and training
system. The analysis of requirements and documents has been reflected in a visual presentation
showing required functionality based on the contract and optional functionality based on the client’s
requests.
The difference in functionality scope has been extensively discussed during several working group
sessions. In the end, some issues still remained which required a decision regarding functionality
scope. These issues were discussed within the tactical team and thereafter the scope was set.
In this way the scope and functionality have been adapted successfully by both parties. The final
defined scope has been translated into a set of requirements, which were taken into account in the rest
of the design process of the system.
Development of training scripts
Next to the technical hard- and software needed for the training system, training scripts were
necessary for executing the future training. The safety scenarios from the conceptual design of the
second Coentunnel were used as input for the training scripts. These 30 scenarios had been developed
to form the basis of the functionality of the tunnel [1]. Based on these functional scenarios and in
combination with the basic principle, a selection of 21 scenarios has been made which needed to be
transformed into training scripts. The working group members were convinced that when these scripts
were worked out in detail, the requirements of the learning objectives would be fulfilled.
The training scenarios and scripts have been developed by organizing several workshops with the
tunnel operators and trainers. The development, which involved expertise of traffic management and
psychology, covered all stages to get from a functional specification to a working training system
which can handle both communication protocols and technical operations and that can also be used
for training of trainers.
An example of a training script is displayed in Figure 1. As displayed, the training scripts differentiate
the proceedings of the trainer and of the trainee. Besides that, the functionality of the simulation and
control system (hardware and software) is also displayed. This part of the script is also used by the
subcontractor to build the simulation and control system.
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All in all, there are several advantages of this way of working:
•
•
•
•

There was already a validated basis for the training scripts. There was no need to start from
scratch;
Both parties were familiar with these scenarios, which made it easy in the discussion of
selecting a basis;
By using a graphical view instead of text, it was easier to discuss the course of the training
script.
The training scripts were not only adapted successfully by the trainers, but also by the
contractor for building the system. The so called swim lanes [1] show the different
responsibilities.

BLEVE Tank-truck Tunnel Tube
Trainer Actions

Training script

Trainer input

Trainee Actions

Control System

Simulation

MEP systems
simulation

Video
simulation

Displayed on
operator MMI

Procedural
action

Trainee input

Communication

Selecting script 8

Explanation of the
script

Confirm

Video set 1

Switch on
AID alert
Generate AID alert

Video set 2
AID alert

Video set 3

Display
emergency mode

Video set 4

Evacuation Mode

Observe
Emergency mode

Press Emergency
Button

Press Evacution
command

5 sec
Video set 5

Selecting call with
emergency
services

Figure 1

Alarm emergency
services

Example: part of a training script

TECHNICAL SYSTEM SETUP
The education and training system setup is strongly based on the real command workstation used for
the Coentunnel, which is developed by the subcontractor Croon. However, to fulfil the education and
training system’s main objective, some technical components are added. The education and training
system consists of the following technical components (see Figure 2).
•
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Two trainee desks, each comprising:
o A trainee workstation, provided with a copy of the most recent command software in
order to ensure the same look and feel for the user. On this workstation, the trainee can
interact with the tunnel control system.
o A video wall, to allow visual support during the exercise. On this video wall, simulated
CCTV images are being displayed.
o A telephone set, to enable the trainee to practice handling phone calls to and from
emergency services.
o A microphone and camera, to record all the conversations.
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•

One trainer desk, comprising:
o A trainer workstation, provided with a specially designed trainer application. This enables
the trainer to select a training scenario and walk through it step by step.
o A telephone set, to enable the trainer to simulate interaction with the emergency services.
o A hard disk recording system to capture all training sessions.
o A microphone, to record all the conversations.
o A monitor to watch a live view of both cameras.

•

Central equipment:
o Control system, exact copy of the operation tunnel control system in order to guarantee
the realistic functional system behaviour. All trainee and trainer system interaction is
logged on this system.
o MEP (Mechanical Electrical and Plumbing) systems simulation: all tunnel systems are
being simulated in this module. This allows the user to control all tunnel systems and
receive normal system response. For some training scripts, failure within the system can
be simulated with this module.
o Video simulation: based on the associated step in the training script, this system displays
the corresponding CCTV images on the video wall.

Figure 2

System setup

Development of CCTV images
In order to take the right decisions, the tunnel operator needs to be provided with CCTV images
(stills). During the development of the training scripts, each script step has been analysed in order to
determine which CCTV image would be required for that particular step. So, sufficient visual decision
information is available to the trainee. For each step a specification has been written down stating the
details to be shown to the trainee. Depending on the contents of the step, 24 to 30 different camera
images needed to be displayed on the video wall. For each of those images, the camera position to be
used and its direction have been defined.
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An existing 3D model containing the tunnel and its surrounding road network has been used to
generate all the individual positional requirements for each still. For each script step, the actual traffic
and incident state has been modelled in 3D. By means of an automatic batch function running through
every single script step, all 2500 CCTV images have been generated. Some images required
additional manual post processing to add braking lights or smoke effects.
During the design, it has been considered if stills could be used instead of moving images. Moving
images appeared not to be necessary to reach the educational goals, which made it easier to develop
and build a cost effective training system.

Figure 3: Example of video set for BLEVE scenario I

Figure 4: Example of video set for BLEVE scenario II
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Figure 5: Example of video set with emergency services on site
CONTRIBUTION TO SAFETY AND SECURITY
Training and education with the aim of improving staff competences is a way to prevent human
failure. Various studies demonstrate that proper training is crucial to influence tunnel operator
behaviour in case of an incident [2]. Insufficiently trained personnel may make wrong decisions [2].
As stated by a study about the cognitive load model [3], cognitive overload can occur when the
operator’s task are too complicated or in the case that the operator has too little time to finish their
task. By education and training the operator’s skills, the overload can be decreased. Training by using
a simulation is effective to educate efficient personnel response during critical situations.
In summary to what is stated above; training helps to increase the competence of the tunnel operator.
The question is, whether training also improves the safety and security within the tunnel itself. In our
opinion the answer is ‘yes’. Training is a preventive measure to increase the safety and security in a
tunnel.
The existence of a separate education and training system allows training of operators in a safe
environment. In a realistic way, the operators gained the skills and knowledge on how to cope with
emergencies which might occur in and around the tunnel. In the past, personnel had to learn and gain
experience ‘on the job’ or on a secondary (not live operational) desk where they could only watch but
not really interact with the system. A dedicated education and training system, to enable operators to
practise emergency scenarios, that looks and responds just as the real tunnel system was not available.
However, as stated by a study this is desirable, because current training objectives are too often too
general [2]. This convinced us that this specific system, a dedicated education and training system that
looks and responds just as the real tunnel system, increases the safety and security of the Coentunnel.
Through this training, tunnel operators are able to learn how the several aspects of the tunnel control
system function. This, in combination with the training of procedures, leads to a better comprehension
of the tunnel control system. The training also contributes to an increase in the confidence of the
operators. In case of an emergency situation, the operator has thorough knowledge of the
consequences when the emergency button is pushed. After completion of the tunnel operator training
course, the client Rijkswaterstaat indicated that they were very pleased with the way the tunnel
operators executed the operation of the tunnel in real life.
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Rijkswaterstaat mentioned that because of their training focused on the combination of operating the
control system and applying safety procedures, tunnel operators are well capable to handle incidents.
In this way, the training of tunnel operators was very effective. In case of learning ‘on the job’ it can
be suggested that tunnel operators would need more time to handle incidents, due to the fact that
operators might hesitate to push the emergency button in time. For this reason, time, economical
damage and annoyance are saved if accidents occur.
CONCLUSION & RECOMMENDATIONS
As stated above, the result of the design approach, a project of 1 and a half years is the education and
training system that looks feels and behaves like the actual control centre (Figure 6). The system has
received high approval from the trainees, the trainers and the tunnel owner. Moreover, the system
enables Rijkswaterstaat staff and technicians to exercise operating and safety scenarios without
putting the safety of tunnel users at risk and without affecting the normal operational process.
Additionally the system helps the tunnel owner to obtain better knowledge on how to act in case of
incidents and to improve safety procedures and traffic management in and around the tunnel in
general. The system has been adopted by the contractor for training the technical working staff. This
allowed them to understand each other and learn the appropriate procedures in case of a technical
failure.

Figure 6 Education and Training Control Room
In conclusion, in our opinion, a cost effective education and training system has been developed, due
to the collaborative way of working. Working out a design with the help of a working group is an
effective way to create commitment and high level involvement amongst the different stakeholders.
However, it is also crucial that the right people with the required responsibilities are involved during
the project.
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Furthermore, by constantly keeping the purpose of the system in mind, and doing not more than
necessary, a system with optimal efficiency has been created. An example of this has been the
consideration to use stills instead of moving CCTV images.
The way of working ensured that the trainers had been demonstrably educated in time for opening of
the tunnel. In December 2012 the whole system, including the user and training manual was ready to
use. In that month the trainers were successfully educated by RoyalHaskoningDHV and the first
trainees followed soon after. In May 2013 the tunnel has been officially opened.
This education and training concept is expected to be used as an example in respect of other training
programs focused on other tunnel projects across The Netherlands. The concept, including software
and hardware, is not restricted to Dutch tunnel safety standards and can also be used in other
countries.
It may be assumed that this system can be used in combination in a broader scope of training and
education. This system focuses on how to become familiar with the command and control of the
tunnel. However, the system could also be used in situations where a large scale multidisciplinary
emergency exercise is required, for example by involving emergency services as users on the system.
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INTRODUCTION
Emergency Exercises form a crucial part of the commissioning and on-going operations of road
tunnels. Such exercises are necessary to ensure familiarisation of the tunnel and its systems for both
the emergency services and also the tunnel operators and provide all parties with the opportunity for
familiarisation, practice and to experience the tunnel environment under simulated incident
conditions. Prior to 2009 New Zealand had not built any major road tunnels for 30 years and
emergency exercises within road tunnels were not common practice. The Auckland Motorway
Alliance (AMA) now runs regular exercises in both its new road tunnels which has provided
significant benefit not only to the emergency services and tunnel operators, but has also been used to
provide continuous learning and has identified a number of design and operational response
improvements. This paper discusses the emergency exercises undertaken since the opening of a
number of tunnels in Auckland and the background to the New Zealand Transport Agencies new
policy on road tunnels.
KEYWORDS: Emergency Exercises, Incident Management Planning, Emergency Services,
Commissioning, Operational Readiness, Tunnel Operations.
NEW ZEALAND TUNNELS
New Zealand has a long history of safely operating significant road tunnels including Lyttelton,
Homer, and the recently refurbished Terrace motorway and Mount Victoria tunnels. There are 17
tunnels currently on the New Zealand Transport Agency (NZTA) network, with the 2.5 km twin bore
Waterview Connection tunnels currently under construction being the largest. Prior to 2009, there had
not been any major road tunnels constructed and Auckland had little practical experience of road
tunnels given that the majority of the existing tunnels were located in the South Island or Wellington.
During the construction of the Johnstone’s Hill road tunnels north of Auckland, it was recognized that
there would be the need to be a significant involvement of the emergency services in their design and
on-going operations. The Johnstone’s Hill tunnels are also unique considering their location with
respect to local Fire Service resourcing given that they sit only 35km north of Auckland, New
Zealand’s largest city. The tunnels are located within the first response area of a rural fire district
which includes a first response by a Rural Volunteer Fire Force and are very close to a well-supported
composite fire station comprising a mix of volunteers and career fire fighters. The time of any
incident occurring within the tunnels can therefore expect varying responses from a range of fire
brigade staff and equipment. In contrast, the Victoria Park Tunnel located in the heart of Auckland
City which opened in 2011 is surrounded by numerous career staffed fire stations and benefits from
far faster emergency response. This variability in response times and resourcing is not unique to New
Zealand’s tunnels and reinforces the need for regular exercises.
BACKGROUND TO THE NZ TRANSPORT AGENCIES NEW POLICY ON TUNNELS
The NZTA has recently released its first design guidance for road tunnels. Historically New Zealand
looked to Australia and further overseas for support with design and operational considerations,
especially when considering operational readiness and the need for emergency exercises. In 2001 the
Australasian Fire and Emergency Services Authorities Council (AFAC), of which the NZFS is a
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member, produced the 'Fire Safety Guidelines for Road Tunnels’ [1]. These guidelines recognised the
importance of emergency exercises and need to undertake them at regular and frequent intervals. The
guidelines identify that they are necessary to test both the individual parts of Incident Management
Plans (IMP) and also that major exercises are required to test the integration of the IMP’s into the
emergency services response procedures. In 2011 the Australian Standard AS 4825 tunnel fire
safety [2] was published to standardise and reduce the inconsistency of tunnel design within Australia.
This standard requires that, amongst other things, emergency drills and exercises be undertaken as
part of a suite of incident mitigation measures. The standard recommends that exercises should be
conducted with the emergency services as part of the pre-incident planning function that is undertaken
prior to the tunnel opening. It also identifies that emergency management planning should be ‘tested’
by the application of both desktop and field exercises undertaken at least every two years. None of
these documents are considered mandatory application in New Zealand but are recognised as relevant
by the Austroads association which includes the NZTA. Prior to the publication of AS 4825 the
Austroads Guide to Road Tunnels [3] identified that the basis for its guidance would be that contained
within the AS 4825 standard. As well as identifying the requirements for emergency exercises from
the then draft AS 4825, part 3 of the Austroads guidance [4] identifies the need to develop and
implement comprehensive training plans and goes on to recognise the importance of desktop and
major emergency field exercises in the role of training tunnel operations staff:
Tunnels have complex operating systems and extensive operating equipment. Normal operations
require competent people with appropriate knowledge of the systems and equipment to ensure
their continued effective functioning. Major incidents (e.g. fires and significant traffic crashes)
are relatively rare events, but which require a rapid, competent and decisive response to minimise
the consequences of the incidents. Operating personnel need to be competent and effective in all
circumstances.
It is therefore necessary for organisations with responsibility for tunnel operation and
maintenance to develop and implement a comprehensive training plan for operating and
maintenance personnel in order to:
• ensure that they achieve and maintain the capabilities required for them to perform their
tasks safely and effectively (where appropriate, this should involve consultation with the
designers and suppliers of tunnel systems and equipment)
• maintain and improve the overall level of safety of the tunnel through increased
experience/ familiarity and expertise of the personnel and improvements in the
procedures and equipment used.
Tunnel incident or emergency training typically includes:
• Major emergency field exercises involving resources from relevant agencies that would
normally be assigned to respond to a major tunnel emergency.
In September 2010 the Auditor-General issued a performance audit report entitled: New Zealand
Transport Agency: Information and planning for maintaining and renewing the state highway
network [5]. The report made 10 recommendations of which the first was:
That the NZ Transport Agency as a priority, review its structures inspection policy to ensure that
there is a consistent and appropriate approach to the issues and risks associated with tunnels”
In response to this recommendation, the NZTA produced a new Tunnels Management and Inspection
policy [6]. The policy sets out a number of new roles and defines an inspection regime for the
structure and the engineering services. The inspection regime is mainly based around various UK
Highways Agency manuals and is similar to that already undertaken by the AMA. New roles were
introduced including Tunnel Manager and Safety Manager based around the EU Directive 2004/54 on
minimum safety requirements for tunnels in the Trans-European Road Network. The main provisions
from the policy include a number of new or re-defined roles, including:
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Tunnel Manager: Has overall responsibility for the Tunnel’s Maintenance, Operation and Safety
which includes the preparation of an Incident Management Plan which establishes the roles and
responsibilities and required actions of the Tunnel Manager, the Operations Manager and the
emergency services. The Tunnel Managers responsibility includes organisation of periodic exercises
for tunnel staff and the emergency services.
Safety Manager: Independent role appointed by the NZTA National Office to ensure that a
consistent approach towards the application of safety principles and processes is achieved and that the
levels of residual safety risks are well defined and acceptable. The Safety Manager shall ensure there
is coordination with the emergency services and assist with:
• the preparation of the operational plans
• the planning, implementation and evaluation of emergency operations
• the formulation of safety plans
• the specification of the structure, equipment and operation of new or modified road tunnels
• verify that operational staff and relevant emergency services are trained in relation to the
operational plans (organisation of training exercises for this purpose, and ensure that such
exercises are held at regular intervals)
• give advice on the commissioning of the structure, equipment and operation of that tunnel
• verify that the tunnel’s structure and equipment is maintained and repaired
• take part in the evaluation of any significant incident or accident.
Operations Manager: is responsible for the safe operation of the network including the tunnel and
approaches. In Auckland this role is being undertaken by the control room manager at the Joint
Transport Operations Centre (JTOC) from where the NZTA road tunnels, Auckland motorways and
upper north island state highways are controlled.
Each tunnel must have a number of documents and plans are required relating to tunnel safety,
maintenance, and operations; including:
• Operational plan and risk Analysis
• Incident Management Plan
• Incident / Accident Report template
• Safety Plan
The Policy implemented by the NZTA identifies the need for emergency exercises to be held at least
every 3 years as part of the Principal M&E Inspection and was based in part on the requirements set
out within the UK guidance BA 72/03 [7]. The policy states that:
The purpose of the drill is to demonstrate the correct operation of all safety and emergency
equipment for the road tunnel as well as demonstrate the adequacy of response by the
emergency services.
Emergency exercises are now mandatory for all tunnels in New Zealand over 240m long and those
over 80m long if they contain active fire suppression systems.
EMERGENCY EXERCISES
Prior to the recent Auckland tunnels opening, emergency exercises have been held on an ad hoc basis
including those in the Lyttelton and Mt Victoria tunnels [8]. The AMA now holds exercises on an
annual basis in both the Johnstone’s Hill and Victoria Park tunnels. To date these have included
approximately 8 field exercises as well as commissioning and desktop exercises. The exercises are
undertaken during annual maintenance closures of the tunnels and typically alternate between major
and minor exercises.

605

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Where available resources allow, minor exercises include responses from all three of New Zealand’s
major emergency services including the Fire Service, Police and St John ambulance. Minor exercises
typically include a number of actors, static vehicles and where relevant to the exercise the generation
of smoke and operation of the tunnels safety systems which includes the deluge systems. A scene
from the latest minor exercise undertaken within the Johnstone’s Hill tunnels and from systems
commissioning is shown in Figure 1.

a)

Figure 1

b)

Johnstone’s Hill tunnels undergoing, a) Minor exercise simulating a crashed vehicle
requiring patient extrication and b) systems commissioning both involving the emergency
services.

For major exercises the scenarios are developed further to include many more actors and vehicles,
greater use of the infrastructure, such as both tubes and approach roads. Where possible, major
exercises try to involve additional parties such as Civil Defence and other parties as relevant.

a)

Figure 2

b)

Scenes from major exercises within the Victoria Park tunnel, a) prior to opening, the first
exercise involved a crashed vehicle scenario requiring deluge operation and b) the
second major exercise simulating a crash between a car and heavy goods vehicle
causing a fire. This exercise involved over 60 actors and a coach full of occupants.

Exercise variation
To reduce the repetition that can occur with regular exercises it is necessary to rotate and involve
different staff members and to accommodate the needs of specific participants. Scenarios are designed
in collaboration with the emergency services and can be intended to test potential issues or known
areas of concern, such as systems operations, systems failures, communications and logistics. Both of
the AMA tunnels are controlled remotely and do not have permanent personnel on site. As such the
standard response time of AMA maintenance personnel may be as long as 1 hour and support on site
may not be immediately available. Therefore reliance on communications and other systems such as
CCTV and control system resilience are vitally important but cannot be guaranteed. In contrast to the
Johnstone’s Hill tunnels, the Victoria Park Tunnel benefits from being part of Auckland’s central
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motorway junction which has dedicated traffic incident response crews. These crews average a
response time, from receiving the call to arriving at the incident, in less than 9 minutes. These
differences can potentially impact onsite support during protracted incidents and have been used to
inform the scenario basis and outcomes of exercises.
During any incident the emergency services may have to manually operate the systems on site and
need to be familiar with both automated and manual operation of the systems. Also tunnel operators
may need to operate systems that will impact the emergency services, how they respond, aiding or
potentially hindering rescue operations. Exercises to date have included the deliberate and nondeliberate failure of systems to test the response and familiarity of both the tunnel operators and the
emergency services with the tunnel, its systems and the outcomes associated with failed systems.
Systems failure formed the basis of an exercise in the 2011 Johnstone’s Hill tunnels when the tunnel
SCADA system was not operable. The fire fighters at the tunnel had to manually control the tunnel’s
deluge, smoke ventilation and lighting systems from the uniquely designed and complex fire control
panel on site with only assistance from the tunnel operators by telephone. This highlighted the need to
provide regular familiarisation visits to the tunnel for both the emergency services and the tunnel
operators who were unfamiliar with the fire control panel. Fire panel signage and simplified
instructions on its operation were also provided and have been subject to further scrutiny and testing
since.
The Victoria Park tunnel has flame traps and foam deluge system within a central sump, which is
designed to capture hydrocarbon spills. This is a good facility and necessary for a tunnel that allows
the passage of dangerous vehicles. However, on opening of the tunnel the use and operation of the
drainage systems including post incident and reinstatement had not been completely thought out from
an operational standpoint and the no useful operational instructions were available. This prompted
discussions with the specialist hazardous substances advisors from the emergency services resulting in
a HAZOP process, new procedures and works including alteration of controls systems so that valves
to drain are automatically closed on declaration of an incident rather than just a fire; and the purchase
of specialist sampling equipment to allow rapid determination of the natures of any spills. Ultimately
this informed and drove the basis of the most recent emergency exercise involving a chemical tanker
incident requiring a hazardous substance response from the emergency services. Previous exercises
had generally been based around scenarios involving the extinguishing of simulated fires following
vehicle crashes and/or the rescue of trapped and injured occupants. This latest scenario was based on
an accident involving a dangerous goods tanker, resulting in a hazardous liquid spill within the tunnel.
As part of the exercise, a tanker carrying 3000 litres of water was used to simulate a spillage of
hydrochloric acid within the tunnel. A dry ice smoke machine was used to simulate gas being given
off from the spill and actors were used to simulate casualties within vehicles, including the first
responding Police officers who became overcome by fumes. Orica, one of New Zealand’s largest
transporters of hazardous goods took part in the exercise and provided a tanker and driver to assist and
also to test and inform their own internal procedures to spillages.

a)

Figure 3

b)

Scenes from a major exercise within the Victoria Park tunnel, a) fire fighters washing
acid (simulated) into drainage sump and b) using a decontamination shower.
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Experience from past exercises undertaken both in New Zealand and overseas has indicated it may
take responders some time, potentially in the order of 30 minutes to be able to make entry into the
tunnel and make access to the location of the operating deluge zone. Undertaking a hazardous
substance exercise further increases the difficulty and time taken for responders to make entry to the
tunnel and make initial scene assessments, which can be surprising to those who would be expecting
response times similar to that on the open road. The different conditions and risks posed by such an
incident has also reinforced how the use of the tunnels systems and in particular how communication
between the different response organizations and the tunnel operators is essential to achieving
improved incident response outcomes.
Exercise resourcing
AMA policies typically exceed minimum NZTA requirements for exercises. However, it is
recognized that a number of constraints exist regarding the ability to undertake exercises, including
road availability, minimizing traffic disruption and financial constraints. A reasonable budget is made
available to fund the exercises but it is not unlimited. It is also important to recognize the availability
of the emergency services and their individual resourcing constraints. It is not always possible for the
emergency services to make available personnel and equipment for non-emergency incidents and a
number of the exercises held to date have been affected by real incidents occurring during the course
of the exercise. The involvement of volunteers in exercises by a number of parties is also recognized
to occur with a great deal of willingness and in these cases it is essential that their valuable time is put
to good use and not wasted.
OUTCOMES OF EMERGENCY EXERCISES
As well as guidance on the need for emergency exercises, experience in Australia has shown the
significant benefits to both the tunnel operators and emergency services gained by the involvement in
major field exercises [9, 10]. These benefits have also been found in the exercises held to date in New
Zealand with significant benefits and learning outcomes found following the exercises held. With the
continued increase in tunnelling and refurbishment improvements to existing tunnels the knowledge
gained from these exercises has been essential to the understanding of all involved and has resulted in
both system and operational changes as well as the outcomes effecting the design of new tunnels.
A major benefit of undertaking the exercises has been to educate all involved in the unique
environment that tunnel incidents pose. For example, the use, operation and nature of emergency
smoke management and deluge systems in tunnels is very different to that experienced within
buildings. The environment inside a tunnel that responders will face when jet fans and deluge systems
are operating will typically be loud and for the case of a deluge system may completely obscure the
incident scene. Understanding how these systems operate, the implications of operation and how they
can help or hinder incident response is crucial. For fire fighters responding to an incident inside a
tunnel, different procedures need to be adopted than that are typically put in place for response to
buildings and a greater understanding of systems operation is essential. For the Police responding to
tunnel incidents may also conflict with their standard approach to incident response especially when
first on the scene and responding directly into the tunnel. Unlike the fire service the police would not
normally interrogate a fire alarm panel or necessarily stop to first communicate with a tunnel operator
to understand the specific nature of the incident of hazards associated with the incident. This has been
evident within a number of exercises where different responders have approached the same scene in
very different manners depending on the level of knowledge they have on the incident and
understanding of the tunnel environment. An example of this has occurred during a number of
exercises where the first responders from both fire and police have attempted and in some cases made
entry into the operating deluge zone. Typically the authors have found that where responders are not
familiar with deluge systems operation they are not aware of the conditions faced inside the operating
deluge zone, which can cause complete disorientation due to loss of vision and hearing. The outcome
of these experiences has resulted in recommendations passed on to other responders about the
disorientation that occurs as well as the implications of saturating protective clothing and potentially
endangering their own safety.
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More recent exercises have identified the importance of collaboration and communication between
the on scene responders including information sharing about in tunnel conditions.

a)

Figure 4

b)

Scenes from a Major exercise within the Victoria Park tunnel. a) Fire fighters liaising
with Police prior to making entry into the tunnel and b) Fire fighter stands at edge of
deluge zone with a charged hose.

An added complication to an emergency response has recently been identified where the first
emergency call has been placed directly through the emergency services rather than through the
tunnel operators. If an emergency call has been made direct to the emergency services and not through
the tunnel operators, the first responders may not have specific information available until on arrival
at the tunnel. Depending on the speed of response, responders may also be on scene before critical
information can be obtained about the nature of the incident and hazards it could present to people
directly involved in the incident and the responders.
Knowledge sharing
The AMA are members of the Australasian Tunnel Operators Group (ATOG). This allows access to
the group’s collective knowledge concerning incidents and emergency exercises. Collaboration
between countries continues as the experience of exercises increases. Meetings between members are
usually held twice a year rotating between the various tunnels represented on the body. Often the
meetings will coincide with emergency exercises or similar events to allow members to observe
exercises and provide useful feedback. Some of the discussions between members are held under the
‘Chatham House rule’ which allow a full and frank discussion of previous incidents enabling lessons
to be learnt.
EMERGENCY EXERCISE PLANNING
Following on from successful emergency exercises held at the Johnstone’s Hill tunnels and in
recognition of the need to undertake regular exercises which would include the Victoria Park tunnel,
the AMA produced a Guide to Planning an Emergency Exercise for Road Tunnels providing advice
and guidance for future exercise planning. The document was produced at a time where there was
little published guidance available on the subject and is updated to incorporate when new and
improved information becomes available such as the guidance recently published by the World Road
Association (WRA) specific to the organisation of emergency exercises [11]. The guide describes the
requirements for exercises including, planning, programing, logistics briefing and debriefing etc. It is
specific to the Auckland tunnels and includes information on the particular constraints on each tunnel,
traffic data, impacts of diversions, contacts for the specific organisations involved etc. However, for
the purpose of planning an exercise, similar to the WRA guidance it provides a useful tool to those
involved in the planning and organisation of exercises.
Debriefing of exercises is important to understand what occurred during the exercise and why, and to
establish outcomes and record the lessons learned. A hot debrief will typically be held straight after
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the exercise for the onsite players. These can be particularly important to those directly involved and
who may not be available for separate more formal sessions at later stages. Additional debrief s will
be held separately for the observers and for representatives of the emergency services to gain a greater
insight into the exercise and to start establishing outcomes useful at an organizational level.

Figure 5

Post Exercise Debrief involving all of the emergency services following a major
exercise within the Victoria Park tunnel.

COORDINATED INCIDENT MANAGEMENT SYSTEM
Agencies responding to the more serious tunnel incidents will use the Coordinated Incident
Management System (CIMS). This is New Zealand's system for managing the response to an incident
involving multiple responding agencies and uses common terminology and protocols for coordination
and control of the incident between agencies. CIMS was introduced in the late 1990s and is similar to
other Incident Command Systems that operate in the other jurisdictions such as the USA, UK and
Australia.
In a typical incident, an “Incident Controller” from the lead agency will control and coordinate the
response as part of an incident management team with the supporting agencies from an “Incident
Control Point” at the tunnel. Depending on the nature and severity of the incident, other roles can be
appointed as part of the incident management team to deal with operations; planning and intelligence;
logistics; communications; safety; information and liaison.
The tunnel operators are key to any incident as they control the tunnel’s systems and can view the
CCTV images and have a better knowledge of the facility than the first responding emergency
services. Clear and coordinated communication between the emergency services on the ground and
the control room is vital so it is important that the controllers understand the common protocols and
terminology used by the emergency services as well as who is in control. One of the recommendations
of the early exercises was that the tunnel operators receive CIMS training. This is now mandatory for
all tunnel operators. In addition to this, the majority of operational AMA staff as well as the senior
management have also received CIMS training. This has benefited the AMA and JTOC in dealing
tunnel incidents and has had the added benefit of improving their response to general motorway
related incidents.
LEARNING POINTS
The emergency exercises undertaken by the AMA, have provided significant benefit not only to the
emergency services and tunnel operators, but have also been used to provide continuous learning and
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have identified a number of design and operational response improvements. Of importance within the
New Zealand context these have included the following:
•

•

•

•
•
•
•
•

Tunnels vary greatly in many respects and a standard frequency of exercises may not suit all
tunnels over their lifetime. Typically it will be necessary to conduct emergency exercises on a
more frequent basis during the start-up and initial operation of a new tunnel and then reduce
the frequency as the tunnel beds in. Other factors such as the complexity of the tunnel,
presence of fire fighting systems and distance to responders home bases will also affect the
need and frequency of exercises that should be undertaken.
For an adequate emergency response to an incident of any kind within a tunnel,
communications between the emergency services and between the tunnel operators is
essential. Good communications can only occur if a degree of trust and confidence exists
between parties. Emergency exercises are the best means to establish knowledge of the
tunnel, an understanding of how all of the parties that would likely respond and be involved in
an incident and provides a basis for establishing confidence and trust between those parties.
Familiarization of the tunnel and its facilities, including back of house areas should be
undertaken for as many of the likely incident responders as is possible. Familiarity should
also include visits to the tunnel operations centres to build up an understanding of each
other’s roles, responsibilities and capabilities.
Tunnel operators should also be familiar with the tunnel infrastructure including back of
house areas and how systems are operated both locally and remotely.
Emergency exercises are essential to the on-going improvement of the tunnel, their
management and operation.
They have provided outcomes that have and are continuing to be fed into the design of new
tunnel infrastructure throughout New Zealand.
With every exercise that has been undertaken, all of the organizations involved have steadily
improved their knowledge of tunnels and have fed this back into their own organizations
operational plans.
Emergency exercises allow tunnel operators to manage incidents more effectively and
efficiently.

CONCLUSION
Emergency exercises are critical to ensuring the safe on-going operation of tunnels. It is vital that both
the tunnel operators and emergency services are not only familiar with the assets and the systems
present but are also provided with the opportunity to use the systems under simulated conditions and
to experience the tunnel environment with the tunnels systems operating. This is particularly essential
for tunnels with suppression and forced ventilation systems. For new tunnels, full scale emergency
exercises complement desktop exercises and are a necessary part of the wider systems integration and
demonstration that the tunnel and the operator’s ability to oversee its safe operation are ready to open.
Exercises provide a valuable way of keeping in touch with the various emergency services personnel
who operators would otherwise have no other forum to be in contact. Through exercises and exposure
to emergency responders and their organizations can often provide a good source of advice to assist
on-going operations. Emergency exercises also provide a means to assist with large scale training
providing a mutually beneficial relationship. Ultimately exercises allow the formation of relationships
between tunnel operators, managers and the emergency services, which is essential in building trust
and ensuring the best possible outcomes to real incidents.
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ABSTRACT
The Stockholm bypass link will be one of the longest road tunnels in the world. In this type of tunnel,
road safety is a prioritized subject. Two important safety features are the detection of non-moving
vehicles and identification of vehicles carrying dangerous goods. Besides the type of technology that
is used for these purposes today, new cooperative Intelligent Transportation System (ITS) solutions
have showed potential of improving safety by allowing communication between vehicles and the
tunnel infrastructure and enhance communication with other road users as well as the traffic
management center. As an important step in this work, the Stockholm bypass project has been granted
co-funding for research from the European Union through the trans-European transport network
(TEN-T). The overall aim of this part of the project is to establish suitable ITS-strategies for
identification and tracking of vehicles carrying dangerous goods and non-moving vehicles.
The results reveal that cooperative ITS in road tunnels is a relatively unexplored area but also that
obtaining information about standstill vehicles is seen as important for both vehicle drivers and
infrastructure and traffic management in the future. Drivers are interested to get warnings if an object
is blocking a lane and be provided with information about potential delays. Further, the signage of
dangerous goods is often not sufficient, and authorities do not know what type of goods is transported
in tunnels. Better knowledge about vehicles and goods would be useful for the traffic management
and rescue services. As for drivers, if there is a need for evacuation, they would prefer information
about the current situation and sufficient information about direction to evacuate, especially if
dangerous exhausts are present. Regarding communication systems available and their capabilities,
the interviews with the stakeholders indicate that cellular networks 3G/4G LTE, may be sufficient for
these types of applications. One issue however is that different technologies will be available in
different vehicles, and that different generations of technologies will be available in different vehicles
and in different countries. This also creates questions regarding what technical standards (such as
communication protocols) that will have to become mandatory.
KEYWORDS: intelligent transportation systems (ITS), dangerous goods, cooperative systems, traffic
safety, road tunnels
INTRODUCTION
The Stockholm bypass will be a 21 km long motorway linking southern and northern Stockholm.
With 18 of these 21 km being tunnels, the link will be one of the longest road tunnels in the world.
The aim is that there should be no restrictions on the type of transports allowed in the Stockholm
bypass, putting high demands on the safety features, but also communication platforms. Effective
ITS-solutions that are able to communicate data and information between the vehicle and the tunnel
infrastructure, would give the traffic control center early information about potentially risky factors
before the vehicle even enters the tunnel system. The vehicle driver would also be able to receive
information about the proper course of action. Further, detecting non-moving vehicles in a road tunnel
is an important safety feature, e.g. to avoid incidents as well as discovering accidents. Currently
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implemented traffic management approaches for road tunnels primarily make use of infrastructurebased measures, including sensors and traffic management centers. Vision-based cameras are typical
examples of sensors that are used to provide traffic management centers with information about
standstill vehicles in tunnels. New cooperative ITS-solutions have the potential of improving safety
by allowing communication between vehicles and the tunnel infrastructure and enhance
communication with other road users as well as the traffic management center.
PURPOSE
The Stockholm bypass project has been granted co-funding for research from the European Union
through the trans-European transport network (TEN-T). The research project contains several parts
and will be finalised by the end of 2014, although some parts will be reported earlier. The overall aim
of this part of the project is to establish suitable ITS-strategies for identification and tracking of
vehicles carrying dangerous goods as well as identification of of non-moving vehicles.
METHOD
The current study is based on a literature review, workshop discussions with different road user
groups, and interviews with stakeholders from the private and public sector. Each of these approaches
is described in the following sections. It is important to notice though, that this paper presents the ongoing work in the research project and some early results from the studies conducted so far.
Literature review
The focus of the literature review was on selecting peer-reviewed literature (e.g., journal articles,
conference proceedings) and reports written within relevant projects (e.g., EU-projects).
Workshops
The aim of the workshops (WS) was two-fold. One was to find out if road users need some
complementary information in order to make them feel safer in road tunnels and to find out if the
needs are different for different road user groups (professional drivers, non-professional drivers). The
other one was to identify the type of information and support that the road users would like to be
provided with, especially in relation to the emerging technologies.
In total, three WS were conducted: one with 5 truck drivers, one with 4 taxi drivers, and one with 3
motorcyclists. All drivers who participated in the WS were male. As Table 1 shows, the motorcyclists
were in the age 41-60 years, taxi drivers 31-60 years, and the truck drivers 18-40 years. The
participants were recruited mainly by direct contact and via social media. The initial plan was that
each WS should involve 5 participants. However, some of the invited participants were unable to
attend. At the end of each WS, the participants were given two movie-tickets for their participation in
the study.
The WS were divided into three parts. First, the participants were asked to complete a background
questionnaire consisting of questions related to their demographics, driving experience, tunnel safety,
etc. (some of these questions are presented in Table 1). Next, a presentation about the Stockholm
Bypass project and the aim of the WS was given. In order to stimulate a good discussion, the
presentation included a movie about the Stockholm Bypass tunnel as well as some general
information about existing and emerging technologies to communicate relevant traffic information to
vehicle drivers.
After, a semi-structured group discussion was initiated where the participants were asked to discuss
the following scenarios where a driver is: 1) on the way to a long tunnel and notices that the traffic is
moving slowly, 2) in a tunnel and notices that the traffic is not moving, and 3) in a tunnel when he
notices that a variable road sign shows that the tunnel needs to be evacuated at the same time as a fire
alarm is activated. Each scenario was presented separately, in the same order as mentioned above, and
illustrated by a picture (Figure 1). A WS leader (one of the authors) was asking open-ended questions
related to dangerous goods, standstill vehicles, and emergency management. The participants were
encouraged to discuss the questions based on their own experience and opinions.
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Table 1 General characteristics of the WS participants based on the background questionnaire.
Driver
type

Age
(years)

For how long
have you been
driving a
MC/taxi/truck?
(years)

How often do
you drive a
MC/taxi/truck?

Have you been
involved, or
seen, an
accident in a
tunnel?

Which electronic
devices do you
use while driving
your
MC/taxi/truck?

Never

When you are on
the way or while
you are being in a
tunnel, how often
do you think of that
an accident can
occur in the tunnel?
Sometimes

MC

41-50

5-10

MC

51-60

<5

MC

51-60

5-10

Taxi

51-60

> 10

A few times a
month
A few times a
week
A few times a
month
Every day

Never

Sometimes

GPS, Cellphone

Never

Often

None

Never

Sometimes

GPS, Cellphone

Taxi

41-50

5-10

Every day

Never

Sometimes

GPS

Taxi

61-70

Taxi

31-40

<5

Every day

Never

Sometimes

GPS, Cellphone

5-10

Never

Sometimes

GPS

Several times

Often

NA

A few times a
week
A few times a
year
Every day

Truck

31-40

> 10

1-2 times

Never

18-30

<5

Every day

Never

Sometimes

Truck

18-30

<5

Every day

Never

Sometimes

Truck

31-40

> 10

Every day

Several times

Sometimes

Radio, GPS,
Cellphone
Radio, GPS,
Cellphone
Radio, GPS,
Cellphone
Radio, GPS,
Cellphone
Radio, GPS,
Cellphone, Laptop

Truck

31-40

Truck

None

Each WS lasted for 50-60 minutes and was conducted in Swedish. The discussion was audio recorded
and the recordings were later transcribed and translated into English by the WS leader. A qualitative
assessment of the transcripts was performed in which a process of data reduction and “open coding”
were performed. The identified words were grouped and their meaning was analysed from the
perspective of drivers’ support needs.

a)
b)
Figure 1. The traffic scenarios that were used in the workshop discussions.

c)

Interviews
Several interviews with the represents from the private sector (e.g., vehicle manufacturers,
telecommunication companies) and authorities (e.g., road authorities, police) were carried out with the
aim to obtain their view on the support needs in road tunnels as well to find out what demands these
needs place in terms of emerging ITS technology.
The interviews lasted for about 40 minutes and consisted of open-end questions. The interviews were
audio recorded. The recordings were later transcribed and translated from Swedish to English by the
interviewer (one of the authors).
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RESULTS
State of the art technology
Wireless communication technologies are changing faster than any other area of technology. The
diversity of needs has stimulated a corresponding diversity of communication solutions and systems
based on these. It is expected that beyond 2020, wireless communication systems will need to support
more than 1.000 times today’s communication [1]. Similarly to other domains, vehicle manufacturers
and suppliers are looking to introduce functions based on wireless communication in their vehicles to
enhance the experience of owning and driving a vehicle. According to the analysis presented in [2] in
the time period 2023-2030 about 84% of vehicles are expected to have a connectivity solution.
Dedicated Short Range Communication (DSRC) is a communication service intended for fast and
reliable vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) information exchange at the
frequency of 5.9 GHz (in Europe). The DSRC systems consist of Road Side Units (RSUs) and/or On
Board Units (OBUs) with transceivers and transponders. The DSRC standards specify the operational
frequencies and system bandwidths, but also allow for optional frequencies which are covered by
national regulations. In particular, IEEE 802.11p standard, which specifies medium access control and
the physical layer for the future ITS, is developed.
However, the fundamental characteristics of the physical layer are still an open question. In Europe,
802.11p was used as a basis for the ITS-G5 standard, supporting the GeoNetworking protocol for
V2V and V2I communication. The ITS G5 and GeoNetworking are being standardized by the
European Telecommunications Standards Institute group for Intelligent Transport Systems (ETSI).
The DSRC systems are used in the majority of European Union countries, but these systems are
currently not totally compatible. Therefore, standardization is essential in order to ensure panEuropean interoperability. Standardization will also assist the provision and promotion of additional
services using DSRC, and help ensure compatibility and interoperability within a multi-supplier
environment. The work by standardization organization such as the ETSI, IEEE, and ISO is thus of
utmost importance.
Early generations of cellular networks (1G-3G) are mainly designed for voice data exchange, which
makes them less appropriate for ITS applications that are time-critical and require high rate and broad
bandwidth. For example, latency increases and reliability decreases for text data since voice data have
higher priority. The fourth generation network or long-term evolution (4G/LTE) is the current stateof-the art terrestrial cellular broadband and addresses these drawbacks to some extent. It is adaptable
to a wide range of radio bands and is recognized as a platform for communications requiring
broadband data. That is, LTE can deliver infotainment types of applications far better than its
precursors. IHS Automotive forecasts that the number of LTE-connected cars worldwide will grow
from 1.2 million in 2015 to 16 million in 2017 [3]. The fifth generation network (5G) is currently
under development and there is for now no specified date for its deployment; some research
communities and equipment manufacturers are aiming for 2020 [1] [4], while some others believe that
the deployment will occur first around 2025 [5].
Basically, 5G will be an integration of existing wireless communication technologies and
complementary new technologies. The evolution of existing technologies such as LTE and Wi-Fi will
thus be key enablers of 5G system [1]. In comparison to the existing networks, Mobile and wireless
communication Enablers for the Twenty-twenty Information Society (METIS) [6] defines
requirements that 5G is expected to fulfill in the following way:
•
•
•
•
•
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The 5G system is, in other words, expected to provide efficient and high-performing communication
that supports a range of different services, including cooperative ITS [1][4]. To accommodate all
these requirements, Ericsson [1] and METIS [6] anticipate introduction of ultra-dense networks with
nodes/base-stations operating with very wide transmission bandwidths (several 100 MHz) in higherfrequency bands (10-100 GHz). More specifically, these networks will consist of low-power access
nodes being deployed with much higher density than the networks of today (e.g., at lamppost distance
apart). These nodes could also be placed on vehicles. With these additions to the existing mobile
network, data flows from the big base-stations are expected to become more effective at the same time
as the distances to the users become shorter. Consequently, this will result in faster data traffic.
Dangerous goods
Cooperative systems addressing transportation of (dangerous) goods have been explored in several
research projects. The European project SAFE TUNNEL [7] developed a cooperative system for
heavy goods vehicles consisting of four different services for application in road tunnels: prognostic,
access and vehicle control, telecontrol of vehicle speed and distance, and distribution of emergency
messages to the driver. However, these applications do not address detection and tracking of
dangerous goods. In another European project called COOPERS a range of services (e.g.,
accident/incident warning, weather condition warning, and in-vehicle variable speed limit
information) were developed and tested in road tunnels.
The SMARTFREIGHT [8] project used a cooperative system platform developed within the CVIS
project [9] to develop a service for goods distribution named Cooperative Tunnel Management. By
using intelligent radio-frequency identification (RFID) tags placed on goods, the project suggested a
way to identify and track goods. The RFID tags communicate the information about the goods to the
vehicle that in turn shares it with a unit in the infrastructure. The infrastructure unit processes the
information and gives or denies the access to the tunnel by informing the driver by an interface in the
vehicle. The GOOD ROUTE [10] project developed a cooperative system for dangerous goods
vehicles routing monitoring, re-routing, enforcement and driver support. The system is based upon
dynamic, real time data and has been tested in a road tunnel. The DOGIES [11] project has developed
a cooperative system for dangerous goods incident warning intended for the use by authorities,
infrastructure managers, rescue organizations, and similar stakeholders. The system enables
monitoring of dangerous goods location, identification of dangerous goods (e.g., category, material
safety data sheet), supporting rescue teams in taking an appropriate action in case of a warning. It
consists of three modules: a) tracking of consignments and transport units using GPS, RFID, and
mobile devices, b) generation of early warning massages, and c) a communication gate for
transmission of warning massages and other relevant information.
Non-moving vehicles
The non-profit organization CAR 2 CAR Communication Consortium has listed a function called
Stationary Vehicle Warning, V2X Rescue Signal [12] as one of the functions based on V2V
communication that is likely to be introduced in the soon future. The functions will be based on the
dedicated short range communication (DSRC) as defined by the European Telecommunications
Standards Institute (ETSI), i.e. communication standard 802.11p. However, other characteristics of
the function are still unknown since it is up to each vehicle manufacturer to define own functions.
Other functions that may be relevant for the detection of standstill vehicles in road tunnels that are
listed in [12] include Hazardous Location Warning and Traffic Jam Ahead Warning.
To speed up the implementation of these and similar day-one cooperative ITS functions, a strategic
alliance named the Amsterdam Group [13] has been initiated. The research project ETTE has recently
demonstrated a function called Stationary Vehicle Warning [14], [15] based on V2V communication
between a standstill truck and a moving passenger car. The project make use of the ETSI standard
(802.11p) as well as cellular networks 3G/4G LTE. The project has also demonstrated a function
called Hazard Location Notification [16] that may be relevant for road tunnel applications. The
project did not however explore the transmission of the warnings and notifications to a traffic
management center.
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The SAFE TUNNEL project has developed a function called Diagnosis and Prognosis [17] that
analyses the vehicle malfunction codes and in case of an anomaly sends warnings to the driver. In
addition, the function is applying a predictive algorithm and transmitting relevant information to a
traffic management center. The malfunctions are briefly divided into three groups, where one of the
groups relates the malfunctions that can lead to a stop (e.g., problem to engine control system,
reduced fuel autonomy). The information to the traffic management center is transmitted by means of
a GSM/GPRS link. However, the architecture of the systems has the GPRS modem as a specific
module meaning that a migration towards the 3G/4G LTE technologies could be easily realized. The
research project SAFESPOT has suggested a function called Hazard and Incident Warning [18] that
provides vehicle drivers with a warning of potentially dangerous events or conditions affecting the
road ahead. The dangerous events or conditions include stationary vehicles, queues, accidents,
animals or pedestrians on the road. The system combines information that vehicles and a vision based
camera positioned in the infrastructure transmit to a road side unit (RSU) if dangerous events or
conditions are detected. The RSU broadcast then warning to vehicles by using DSRC.
The research project WILLWARN [19] has suggested a function called Wireless Local Danger
Warning that is based on V2V communication for detection of obstacles and other hazards on the
road. The system uses onboard sensors and algorithms to detects hazards, and then transmits the
information to surrounding vehicles. After combining remote and local information, the relevance of
the hazards is evaluated by comparing the vehicle’s trajectory and the position of the incident. Finally,
a hazard classification rule decides when and how to inform the driver about a certain incident.
Workshop and interview results
Based on the workshops and interviews, the viewpoints of the representatives of important
stakeholders such as vehicle drivers, vehicle manufacturers, infrastructure managers, and policy
makers can be summarized as follows:
Knowledge about dangerous goods
The signage of dangerous goods is often not sufficient or not present at all and authorities do not
know what type of goods is transported in tunnels. Better knowledge about the vehicles and goods
would be useful for the traffic management. Therefore it would be desirable if the vehicle could send
information about itself and its goods (e.g., type and amount of goods) before entering a tunnel.
Further, avoiding a combination of vehicles that can become dangerous would be desirable from a
safety perspective. Co-existence of two vehicles that are transporting non-dangerous goods may
become dangerous when the vehicles are close to each other. Also, having a vehicle with dangerous
goods involved in a tunnel accident is an issue for on-spot traffic management and requires different
working strategies used by the police and rescue teams. It would therefore be useful for the police and
rescue teams to get information about the accident (e.g., position, how many people are involved) and
what type of goods is involved. I addition to this, having access to real-time information such as
traffic flow would be useful for the police and rescue teams, especially when a vehicle with dangerous
goods is involved in an accident. This could make it easier to e.g. in case of an accident in a tunnel
open one lane for vehicles with dangerous goods to exit the tunnel immediately.
Knowledge about vehicle malfunctions
Information about system malfunction and information regarding for example fuel is very interesting
for road authorities, especially in relation to dangerous goods. It would therefore be desirable if
vehicles should be able to transmit malfunction codes to the corresponding traffic management center.
This information could be sent before entering the tunnel in order to get the access to the tunnel
approved or denied to e.g. avoid standstill vehicles in tunnels.
Driver/Passenger information
Having access to continuous traffic information is important for vehicle drivers. Vehicle drivers
would also appreciate to be informed about tunnel characteristics (length, height, elevation, number of
exits, number of lanes, etc.) in advance. Also, if there is a traffic queue before or in a tunnel it is
important to inform the approaching drivers about: the reason for the stop (general description such as
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“a standstill vehicle in your lane”); the time it is expected to take to solve the problem; if there are any
alternative routes. Road users found it preferable to get this type of relevant and personalized
information via smartphones and in-vehicle interfaces. However, the most basic and important
information should be provided by road signs. In case of a traffic stop, or accident, drivers would like
to know the time the problem is expected to be solved, if there are any other routes that they could
take, when is the rescue team going to arrive. In case of a fire or explosion risk in a tunnel it is good
that road users are informed about the situation. If there is a need for evacuation, drivers would like
sufficient information about which direction to walk, especially if some dangerous exhaust is present.
Ongoing ITS-work
There are some ongoing discussions to forbid heavy vehicles in tunnels from a certain year if they are
not connected in the right way. It is mainly Intelligence Access Program (IAP) that is leading such
discussions. Some vehicle manufacturers are also considering in-vehicle services that can be activated
by the driver when the vehicle is stopped to inform other vehicles and traffic management centers
about their state. The EU-directives such as the one about e-call are important. At least one or two
similar directives can be expected before 2024. A reasonable assumption is that almost all vehicles
will be connected by 2024, either directly or via portable devices such as smartphones. One issue
however is that different technologies will be available in different vehicles, and that different
generations of technologies will be available in different vehicles and in different countries. However,
it seems like there will not be a lack of standards but more about the decision concerning which of
standard that will become mandatory. Several ongoing projects and initiatives have concluded that
both DSRC and networks such as cellular will be needed in order to obtain a wide range deployment
of cooperative functions. A reasonable assumption is that 5G will be available in 2024. However,
there is no explicit need for 5G for this type of functionality to work as a combination of 3G/4G with
V2V can be used to create a tunnel function addressing dangerous goods. Concerning non-moving
vehicles, the information can be transmitted from a standstill vehicle to a traffic management center
and other vehicles via 3G/4G networks.
CONCLUSIONS
The literature review reveals that detection of standstill vehicles in road tunnels by means of
cooperative ITS is a relatively unexplored area. However, detecting such vehicles in other traffic
environments such as highways has been addressed in a range of research projects, showing the great
potential of cooperative solutions. The workshops and interviews with important stakeholders indicate
that obtaining information about standstill vehicles is important for both vehicle drivers and
infrastructure and traffic management. The drivers are mostly interested to get warning that some
object is blocking the lane. Also, given that a standstill vehicle causes traffic queues, the drivers prefer
to be provided with information about the time it will take to resolve the problem. It is important that
the information is accurate and relevant for them. The warnings should be issued at an early stage
enabling the drivers to re-route. As for dangerous goods cooperative systems that have been
developed in various research projects are mainly based on the dedicated short range communication
between vehicles and/or between vehicles and infrastructure. Consequently, the application of cellular
networks for detection and tracking of dangerous goods is a relatively unexplored area. Therefore
cooperative systems using wireless communication technology are needed and seen as something that
is expected to improve safety in road tunnels, especially in terms of dangerous goods transportation.
For the infrastructure and traffic management, it is important to get e.g. accurate location of a
standstill vehicle and the reason for the stop or a vehicle carrying dangerous goods. Also, information
about other vehicles in the tunnel may be relevant to provide (e.g., to ensure that there are no vehicles
with dangerous goods that may cause an accident while the standstill vehicle is removed from the
lane). Regarding the communication systems available and their capabilities, the interviews with the
stakeholders indicate that cellular networks 3G/4G LTE, may be sufficient for this type of application.
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Rv. 13 Ryfast – world’s longest subsea road tunnel,
combined with E39-Eiganes tunnel.
Gunnar Eiterjord, Project Manager
Norwegian Public Roads Administration, Stavanger, Norway.

ABSTRACT
The Rv.13 Ryfast project is an undersea tunnel which will connect the city of Stavanger to the
Ryfylke region. When completed, the tunnels will replace the existing vehicle ferries which operate
between Stavanger and Tau, and between Lauvvik and Oanes. Currently the combined daily traffic
volume for both ferry routes is 4,000 vehicles (AADT). Ryfast consists of two dual lane, subsea
tunnels - The Hundvåg tunnel (from the new E39 Eiganes tunnel to the Island of Hundvåg), and the
Solbakk tunnel (which extends from the Hundvåg tunnel to Strand, in Ryfylke). Construction time
will be five and a half to 6 years, with an expected opening in 2018/19. Safety issues have played a
major role during the initial planning phase of the project, with focus on integrating ideas and
proposals from the emergency services and experts from various fields.
The tunnelling network will also reduce today’s E39 bottlenecks in Stavanger, with traffic currently
routed along heavily congested local roads. The E39 Eiganes tunnel will be the new ‘North/South’
main route through Stavanger, extending the existing motorway beyond the Stavanger central
business district, and significantly reducing local traffic. The primary route for the project is 5km
long, comprised of dual tunnels 3.7km long, and 1.3km of ground level, two lane carriageways. In
addition to the primary North and South Bound tunnels, the project will also include tunnelled
entry/exit ramps, and the connection to the Ryfast Hundvåg tunnel. As a result of geometric
constraints, and the existing topography, a significant portion of the Eiganes tunnel will have 15-25
metres of rock cover to the surface.
As the south western connection to the Ryfast project, the E39 Eiganes tunnel will be constructed and
managed jointly with the Ryfast project. Together, the Ryfast and Eiganes tunnel projects will
produce 3.8 million cubic metres of rock, and finding a suitable use for this material has been a
challenge. The solution has been to utilise this material for land reclamation at a number of sites
adjacent to the project. Further project details and challenges will be discussed in the document.
KEYWORDS: strait crossing, subsea road tunnel, tunnel safety and security, cross city tunnel
GENERAL INFORMATION
Project approved by the Norwegian parliament 12th June 2012.
Norwegian Public Roads Administration’s role
The Norwegian Public Roads Administration (Statens vegvesen, or SVV) will manage the project
through a traditional client role. As a result of the scope and size of the project, the management
structure includes two sub-project managers for each of the two projects. They will be assisted by site
managers and inspection engineers, making sure that the contractors follow the required procedures
and maintain a high focus on the health, safety and the environment.
In addition to contract and project management personnel, the project organisation also includes a
support team for communication, neighbour relations, environmental issues, health and safety, and a
variety of additional tasks that are required to secure the overall quality of the project.
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Figure 1

Map showing the location of the Ryfast project

Construction method
In the early phases of the planning, alternative tunnelling options were assessed and evaluated.
Among the assessed options, were different types of conventional drill and blast tunnelling
technology (tunnels in Norway are almost exclusively constructed using drill and blast methods), and
the use of tunnel boring machines.
Given the proximity of the tunnelling work to older urban areas, and a desire to secure an efficient and
flexible construction program, conventional drill and blast tunnelling technology was seen as the best
choice for the project.
Contract terms/choosing the contractor
The contracts will be announced as fixed price contracts, with price, experience and methodology /
program as the key selection criteria.
Rough estimates
In total there will be between 10,000 and 15,000 blasts required to finish the projects. In urban areas
these blasts will be adjusted to have a minimal impact on people’s comfort and everyday life. An
equivalent of 15,000 lorry loads of sprayed concrete will be used, together with approximately
250,000 bolts, to keep the tunnel secure during construction. Also, there will be a total of between 3.5
and 4 million cubic metres of excavated rock extracted from the tunnels. Finding the best solution for
utilising the surplus rock has been a great challenge for the project. The geological properties /
problems with the material make it unsuitable for use in road construction, but it can be used for land
reclamation. Together with relevant local stakeholders, the project has identified 3 locations where
the material will be utilised. Upon completion of the project, we will have approximately 50km of
new road, with the asphalt, concrete, ground services and cabling that goes with it, together with new
areas for industry and business.
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RV. 13 RYFAST

Figure 2

Plan view and longitudinal profiles of the Ryfast and Eiganes tunnels

Rv 13 Ryfast will connect Stavanger, eastwards, to the Ryfylke region, replacing the existing ferry
connections between Stavanger and Tau, and between Lauvvik and Oanes. Currently, the combined
daily traffic volume for both ferry routes is 4,000 vehicles (AADT). Preliminary construction works
commenced in early 2013, with tunnelling programmed to begin in August 2013. General details for
the Rv 13 Ryfast project are as follows:
The tunnels
Ryfast consists of two ‘dual lane’ tunnels, the Solbakk tunnel from Solbakk in Ryfylke, to the island
of Hundvåg in the Stavanger municipal area, and the Hundvåg tunnel, which extends from Hundvåg
to an underground (tunnelled) motorway interchange with the E39 Eiganes tunnel.
The Solbakk tunnel consists of two individual, parallel (dual lane) tunnels (or ‘tubes’), stretching
14.3km in length and reaching a depth of 290 meters below sea level. Traffic forecasts predict that
upon opening in 2019, the Solbakk tunnel will carry 5,000 vehicles (AADT) daily. Each of the
‘tubes’ will be 8.5 meters wide, with emergency access tunnels connecting the two every 250 meters.
The Hundvåg tunnel is 5.5km long and 95 meters below sea level at its deepest. In addition to
providing a link from the Solbakk tunnel to the E39 and Stavanger, the Hundvåg tunnel will provide
an alternative route for commuters to the existing ‘City bridge’. Traffic forecasts predict that upon
opening in 2019, Hundvåg tunnel will carry 10,000 vehicles (AADT) daily. The width for the tunnel
tubes in the Hundvåg tunnel is 9.5 meters.
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Assessment of safety and security
Throughout the planning and construction, we’ve maintained a high focus on evaluating the risks
regarding the safety and security with the finished product. The solutions have been established
accordingly to the latest standards for Norwegian tunnels, and are taken further through active
involvement of the local Fire Service. There are particularly three centralised issues which we’ve
regarded carefully. These are accessibility, ventilation, and access to extinguishing water. With
regards to accessibility, we have worked jointly with the Fire Service to develop adequate procedures
for evacuation of people in case of an emergency. There are, along the entire length of the tunnel,
regular crossing sections, which are fully accessible for vehicles. This makes it possible to access all
parts of the tunnel efficiently. The Fire Service has been actively involved in addressing the issues of
how to make the tunnel as accessible as possible.
In the event of an accident, the Fire Service will access the location of the accident from the direction
of the air flow. This measure is taken to avoid dangers related to meeting traffic, and exposure to
toxic gases. Because of the length of the tunnel, there will be driveable crossing sections every 250
meters, which will be used as alternative routes to maintain good accessibility in both directions. All
of these sections have a maximum of 5% gradient through the whole tunnel, and will also function as
evacuation tunnels to the adjacent tube.
The ventilation systems are dimensioned for 100 MW fire and with an air flow of 4.5 m/s. This speed
is more than enough to prevent the smoke from spreading towards oncoming traffic and people.
Some areas, like the intertwining sections in the Eiganes and Hundvåg tunnels, have been specifically
tested and evaluated through testing with experts from varied fields. As a result, we’ve designed the
ventilation for the Eiganes and the Hundvåg tunnel with a system that will be handling situations with
pre-programmed logic.
Regarding water supplies in case of fire, extinguishing water will be easily accessible every 250
meters, with a supply of 30 litres per second and a pressure between 4 and 10 bars. The difference in
water pressure comes from individual solutions for each of the tunnels. Pressure enhancements will
be given from the equipment used by the Fire Service.
Furthermore, all of the tunnels will have both automatic and manual traffic control. This system can
be used to establish two-way traffic, in cases where we’ll have to close down one of the tubes.
Funding
The Ryfast tunnels are estimated to cost 5.5 billion Norwegian Kroner (650 million Euros), of this,
90% of the financing will be provided by the Norwegian government (with the addition of road tolls),
and the remaining 10% provided by the local/municipal and regional authorities.
Today, the toll for the Solbakk tunnel is estimated to be 230 Norwegian Kroner (30 Euros) for light
vehicles, and 30 Kroner (4 Euro) for light vehicles in the Hundvåg tunnel. The toll levied against
trucks / heavy vehicles will be marginally higher.
The estimated toll fee makes the project the most expensive in Norway for road users.
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E 39 EIGANES TUNNEL

Figure 3

Above map shows Eiganes North, the Eiganes Tunnel and the connection to Rv 13
Ryfast through The Hundvåg Tunnel

Today’s E39 bottlenecks in Stavanger, with traffic routed along heavily congested local roads. The
E39 Eiganes tunnel will be the new ‘North / South’ trunk route through Stavanger, extending the
existing motorway beyond the Stavanger central business district, and significantly reducing local
traffic.
The tunnel is 5km long, and is comprised of two, dual lane tunnels, 3.7 km long, with 1.3 km of
ground level, two lane dual carriageways. Similar to the Hundvåg tunnel, the width of the tunnel
tubes is 9.5 meters. Traffic forecasts predict that upon opening in 2019, the Eiganes tunnel will carry
approximately 20,000 vehicles (AADT) daily.
The estimated cost for the project, including the tunnels and surface road construction is 2.2 billion
Kroner (250 million Euros). The Norwegian government will provide the funding for the Eiganes
tunnel, with 70% of the cost to be repaid via tolls from the existing ‘North Jæren Toll Ring Road’.
The E39 Eiganes Tunnel will be constructed in conjunction with Ryfast, under the same project
management. Construction time for the entire project, both Ryfast and Eiganes tunnels, is planned for
five and a half to six years, with the expected opening in 2019.
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GEOLOGY
Geologically, this part of Rogaland is comprised mainly of Precambrian autochthon / autochthonous
rock units of Caledonian covers. The Ryfast tunnel will be constructed through the overlying
Allochthonous / long-Caledonian rock layers, consisting mainly of phyllite and gneiss, which was
pushed beneath the Caledonian orogeny for approximately 350 million years ago. From previous
experience tunnelling in this region, the project expects to encounter small leaks while tunnelling
through the phyllite, both below the ocean floor and on land.
By way of a local comparison, there were small leaks during the construction of the Mastrafjord
tunnel (Rennfast project, completed in 1993). According to geology reports, these areas are
geologically similar to the Solbakk tunnel. The areas where the sediment is thinnest are considered to
pose the greatest risks of leakage along the Solbakk tunnel. These areas are located in Horgefjorden,
close to Hidle. The project has in place, proven work methodology to rectify any leaks encountered
during construction.

Figure 4
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Geological map of the tunnel area
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CONTRACTS

Figure 6 Allocation of various contract sections
E01: Preliminary work at Solbakk
The first construction contract for the Ryfast tunnel was signed on 9th November 2012, when a local
contractor was awarded the tender for preliminary earthworks, and stabilisation for the tunnel portal at
Solbakk in Strand municipality. These works were completed on 22nd April 2013.

Figure 7

3D-illustration of the entry point of the Solbakk tunnel at Solbakk
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E02: 7.6 km of Solbakktunnelen from Solbakk
On 30th April 2013, the first of the major tunnelling contracts was awarded to Marti Contractors Ltd,
IAV and Marti Norway AS. This contract covers the civil engineering and tunnelling works for the
first 7.6 km of the Solbakk tunnel, from Solbakk.
E03: 6.7 km of the Solbakktunnelen from Hundvåg
As of May 2013, the second major tunnelling contract, the remaining 6.7 km of civil
engineering/tunnelling works for the Solbakk tunnel, was out to tender. This includes Hundvåg,
together with the construction of the Hundvåg interchange, and portal for the Hundvåg tunnel.
E04: The Eiganes tunnel with parts of the Hundvåg tunnel
Part 4 of the project, The Eiganes tunnel (including the Hundvåg tunnel interchange), is expected to
be the largest contract in the project. This contract includes all of the tunnelling for the Eiganes
tunnel, the tunnelled interchange, and connection to the Hundvåg tunnel. It also includes additional
entry/exit ramps for both tunnels, and the reconfiguration of the existing motorway, to provide the
southern approach to the tunnel. This is a connecting route to both tunnels, and the E39 southbound,
from the Stavanger CBD and western parts of the city.
This stage of the project will pose a variety of challenges for the chosen contractor, and is currently
programmed to be tendered out in Summer/Autumn 2013.

Figure 8

Early project sketches from the development phase

E05: Hundvågtunnelen
The last of the tunnelling contracts is Part 5 of the project; The Hundvåg tunnel. This contract
involves the tunnelling of entry/exit ramps for the Hundvåg tunnel from the Island – Buøy. This will
also include the tunnelling of the Hundvåg tunnel to Stavanger, and to Hundvåg from Buøy.
Currently, this stage of the project is planned to be tendered out in winter 2013/2014.
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E06: Eiganes north
Part 6 of the project, the northern approaches and motorway interchange for the E39 Eiganes Tunnel,
is currently planned to be tendered out in winter 2014/2015. This contract includes the upgrading of
the existing highway to Motorway standard, as well as the construction of several bridges. During
construction of this stage of the project, the contractors will need to maintain the existing traffic flow,
construct 4 lanes of motorway (2 Northbound, 2 southbound), and provide for construction traffic
from Eiganes tunnel. As a consequence of the accelerated program for the construction of the Rogfast
project, the final scope of this project is currently being revised to optimise the construction of both
projects.
E07: Mosvannet Land Bridge/Isthmus (which has now been included in E04 – Eiganes tunnel)

Figure 9

Southern portals to the Eiganes tunnel, and the Mosvannet Land Bridge.

In addition to the contracts presented, there will be separate contracts for electrical, pumping,
ventilation and control systems.
In summary, the project is a much needed measure for the people of Stavanger and inner Ryfylke.
This infrastructure will improve traffic flow through the city, reduce congestion, and provide for the
growth of the city of Stavanger. At the same time, thus providing a safe, reliable, and all-weather
route between Stavanger, north Jæren and Ryfylke, which will only enhance the economic
development of the region as a whole.
Find more about the projects at: http://www.vegvesen.no/Vegprosjekter/e39eiganestunnelen
http://www.vegvesen.no/Vegprosjekter/ryfast.
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New challenges for the base tunnel safety of TransAndean Railway to link Argentina and Chile

Sandro Pelassa1, Simone Eandi1, Qihui Zhang1
1

Geodata Engineering SpA, Torino, Italy

ABSTRACT
The Corredor Bioceanico Aconcagua, a bi-national railway project developed by a private
consortium, will create an alternative linking the Pacific and the Atlantic Oceans. The main purpose is
freight transport between Chile and Argentina.
The base tunnel, a key work of the Corridor, will be 52,5 km long, with an elevation difference about
860m between Chile and Argentina. It has been designed as twin bore single-track tunnel. Inside there
are Multifunctional Stations that divides the tunnel into three sections about 17km each.
Compared to similar projects, the Trans-Andean base tunnel is unique since the system is going to be
built in stages: the second tunnel will only be constructed after the first tunnel has already been in
operation.
In particular, the system must provide maximum safety during stage I that is also the most delicate
phase as only a single tunnel is in operation. For this reason, the safety system has been designed in
modules (for both infrastructure and installation) to guarantee the highest level of safety even in stage
I when there is no second tunnel as safe escape route.
The staged implementation presents a particular challenge to the safety design of the tunnel system. In
order to maximize the safety of the base tunnel, European Railway Standards (Technical Specification
for interoperability, TSI) have been used as the main guidelines.
The main elements determining the safety level of the system are: A) Infrastructure works
(Multifunctional Stations, superstructure, bypasses, etc.); B) Civil, railway and special installations;
C) Rolling stock; D) Maintenance; E) Safety and emergency procedures; F) Human resources and
training.
Some innovative technologies have been adopted in the tunnel design allowing the system to evolve
over time and in anticipation for more stringent safety demands in the future. The experience from the
current design would be useful for future works of phased implementation.
KEYWORD: longest tunnel in the world, construction stages, multifunctional stations, Technical
Specifications for Interoperability (TSI).
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1.INTRODUCTION
The project of Corredor Bioceanico Aconcagua (CBA) took shape in 2008 with the intention of
creating a rail freight line that can transport up to 80 million tons each year through the busiest
connection between Chile and Argentina: the Cristo Redentor which is constituted by a very winding
road with the limit of approximately 5 million tons of cargo per year and already saturated. Further
more, each year the road has to be closed for about 45 - 60 days from October to April because of
snow.

Figure 1. Traffic on Cristo Redentos pass
Today the combined export from Argentina and Chile is about 36 million tons and import about 7.4
million. In total, nearly 45 million tons of goods are transported across their territories. The main
problem is that only a small portion of the goods is carried over land (17%) while the rest is via the
sea (83%) and its majority travels through the Cristo Redentor pass.
The main issue here is to ensure the time of transfer between the ports of the Pacific (mainly
Valparaiso) and those of the Atlantic (Buenos Aires, Porto Alegre, Santos ...) as well as the Mercosur
countries in general.
The corridor where the CBA project has been located is strategic because all the major cities and
logistic centers in Argentina and Chile are sited along it (Buenos Aires, Cordoba, Mendoza, Santiago
and Valparaiso).
2.THE PROJECT
2.1.General framework
The project plan is to build 205km of new broad gauge (1676mm) railway lines, completely
independent of the existing disused railway (built by the British in 1910). It connects with the existing
networks of Chile and Argentina. The maximum gradient of the new line is 20‰. The critical path
lies in the cross-border area where a base tunnel about 52.5 km to be built with a average slope of
17‰.

Figure 2. The old Trasandino railway in 1908 (left) and the situation today (right)
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The base tunnel is undoubtedly the main work. However, the entire line is a huge technical challenge
from the construction point of view considering the high complexity in terms of geological conditions,
avalanches, landslides, presence of important mining settlements, hydroelectric plants, etc.
For these reasons, there are many works from both the Chilean and Argentiniana sides for a total of
21km of short tunnels (the longest is 2.5 km), 12.5 kilometers of bridges and viaducts without
counting the hydraulic works, protection of landslides and avalanches, walls, boxes, traffic diversions.

Figure 3. The base tunnel alignment (Length = 52,5km)
The system manages both unaccompanied cargo, such as containers and bulk goods, and
accompanied, also referred as "wheeled cargo", which the trucks and their drivers hop on the train
configured as a shuttle service from one terminal to another.
From freight transport, what is important is the journey time not the traveling speed. Therefore this is
not a high-speed rail but traditional electrified line with the maximum speed of 100-120km/h.
The design of the Corredor Bioceanico is a completely private initiative carried out by a consortium
led by Argentina's Corporacion America with Navieras Empresas SA (Chile), Mitsubishi Corporation
(Japan), Contreras Hermanos (Argentina) and Geodata (Italy).
2.2.Constructions stages
The project consists of three general stages of implementation.
The first phase involves the construction of a single track line including the base tunnel between Los
Andes in Chile and Mendoza in Argentina. In this stage, all the traffic will be managed by two
intermodal terminals where is the modal shift of freight and where the trucks are loaded and unloaded
off the station. No dangerous good is allowed in this phase.
The second phase, double track will be realised for the entire line except the section in the base
tunnel. In this phase, dangerous good is still excluded.
The third stage involves twin tracking in the base tunnel to maximize the system potential (about 200
trains/day) and flexibility. In this stage passenger traffic can be also provided on demand .
In each of the above stages, particularly in the third stage, the project will link the existing rail
networks of Chile and Argentina and realize true Corredor Bioceanico from the significant growth of
demand.
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Stage I: 24 Million Ton / Year

Single track railway with crossings every 15 km
One base tunnel with crossing in the multifunctional places
Stage II: 44 Million Ton / Year
/
Double track railway
One base tunnel with crossing in the multifunctional places
Stage II: 77 Million Ton / Year
/
Double track railway
Two base tunnels with cross-overs passing from one tunnel to another
Figure 4. Construction stages
3.BASE TUNNEL: THE MAIN ASPECTS RELATED TO SAFETY
3.1.The study of different alignments
Implementating the modulation of base tunnel was a very complex decision to take. It has in fact
started from the study of 14 alignments that have been analyzed in detail and compared with a
complex multi-criteria analysis that also included the cost / benefit analysis based on the type of
private investment. Among all the solutions analyzed, there were various existing, under construction
or planned configurations of the great Alpine tunnels in addition to large international projects such as
the tunnel under the Strait of Gibraltar.
The study has determined that in the case of passenger transport, twin bore tunnel would be required.
However in the first stage, the single tunnel solution with a series of additional safety and prevention
measures would be sufficient.
3.2.Single track tunnel
The elevation difference of the base tunnel exceeds 860m between Chile and Argentina and it has
been designed with a monoslope and two multifunction places that break the tunnel into three parts
about 17km each.
The cross section of the base tunnel has internal radius of 4.10m and free area over 45m2. It allows the
transit of all existing train gauges in Chile and Argentina. The shape of the tunnel cross section also
provides extra safe space for the shuttle of trucks.
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Figure 5. Base tunnel scheme
The construction of the base tunnel has been designed in two stages: when the second tunnel is in
construction, the first tunnel would be already in operation. Constructive measures and additional
security has to be proved isolating the construction activities from those of railway operation. One
such example is the implementation of two independent access tunnels for each multifunction place.
One is for the security and ventilation of the first tunnel. The other is for the construction descendery
of the second tunnel.
3.3.Multifunctional Stations
There are two Multifunction Stations (M.S.). Each of them is connected to the surface by two
tunnels/shafts about 5km long. The M.S. are underground stations about 1000m long and have
different functions depending on the type of situation to deal with.
In normal operation, train passing is possible in a multifunction station. The operation is carried out in
maximum safety provided by the reduced train speed and the physical separation of the trains by
means of a concrete wall.

Figure 6. Scheme of a multifunctional station
In case of rail traffic problem, a M.S. becomes the point of emergency where the incident train will
stop in and the crews are evacuate from it. External helps will also be directed to the M.S..
A M.S. is equipped with automatic system for fire extinguishing, air supply and smoke extraction. It
can also be completely isolated to deprive the fire of oxygen.
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4.SAFETY DESIGN CRITERIA
4.1.Effectiveness of interventions
Since the early stage of the project, it was realized that the work is unique since it is a private
initiative and exclusive for freight.
Numerous studies and analysis have shown that the best form of security is prevention. This point has
also been clearly indicated by the Technical Specifications for Interoperability (TSI).

Figure 7. Prevention as the best tool for the risk mitigation
From this point of view, the project has set the following prioritised criteria:
- Maximizing the prevention measures: any problem must be detected and resolved before a train
entering the tunnel.
- Develop appropriate mitigation measures
- Provide facilities for self rescue and evacuation
- Create a efficient and simple structure able to act quickly in case of emergency
4.2.Where to intervene
The primary task was to decide in what aspects to concentrate on in order to achieve the expected
results in terms of safety. In particular, the possibility of increasing rolling stock safety and proventing
a fault entering the tunnel using detection technology have been investigated, rather than dramatically
increase the technological infrastructure along the tunnel.
The CBA will operate in the first 2 phases with a single tunnel and 4 hours of daily maintenance:
excessive technical equipments along the entire tunnel can be a problem in managing the combined
maintenance of many installations in times of system shutdown.
For these reasons, the security infrastructure are concentrated in the PMFs, portals, and especially in
the rolling stock.

Figure 8. The CBA will work with triple traction trains of 750m long
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5.DESIGN CHOICES TO MAXIMIZE SAFETY
In the following some of the design choices provided to maximize the level of security are described
in the order of priorities highlighted before.
5.1Prevention
5.1.1.Procedures and operation criteria
An accurate study of the operation has been developed through micro-simulation with the purpose of
verifying the maximum number of trains which may be simultaneously present in the tunnel as well as
to verify the possibility to evacuate the tunnel within 90 minutes.
5.1.2.Staff training
In the abscense of ordinary passenger, the conductors and truck drivers present in the CBA are
professionals who should be properly trained in safety procedures and self-rescue equipments
particularly regarding to the use of breathing apparatus that will be present in adequate numbers on
each train.
5.1.3.Rolling stock
The rolling stock is owned by the Corredor Bioceanico Aconcagua, therefore both the head of security
from CBA as well as the rail operator have the responsibility to check and test them directly.
All locomotives and the towed carriages should comform to category B of TSI with the ability to exit
the tunnel or reach a PMF from anywhere in the tunnel.
5.1.4. Security of infrastructure
The project provides advanced systems to prevent problems and avoid accidents, especially fire that
may occur in the tunnel. For this reason, there are:
- Multiscanner portals positioned before the entrance of the tunnel to detect the risk of fire.

Figure 9. MultiScanner Portal and example output with temperature detection
- Control of hot temperature
- Earthquake detector: the high seismic risk area has been considered assuming a network of seismic
detectors (similar to those in Japan) able to stop the movement in case of an earthquake of a certain
entity.
- Presence of enforced permanent way with elevated platforms that allows easy accessibility by
wheeled vehicles and prevents the risk of derailment.

637

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

1.0 %

1.0 %

1.0 %

Figure 10. Tunnel typical section
5.2.Mitigation
In addition to PMF that is perhaps the most important element, there are also the followings:
5.2.1.Fixed fire-fighting system
The fire extinguishing system in localized Multifunction Places will be developed to reduce the
destructive effects of a potential fire hazard to tunnel structure and to increase the time for evacuation.
For this reason, technologies such as watermist system has been analyzed.
5.2.2.Fire resistant structures
The lining segment containing polypropylene fibers is studied to inhance the fire resistance of tunnel.
5.2.3.Ventilation system
The ventilation system has been dimensioned to manage a fire of 250MW taking into account the
mono slope configuration of the tunnel. The system is equipped with special doors to the portals and
in correspondence to the Multifuncional places that can be enclosed and form a partition of the tunnel.
There are 4 ventilation centres: 2 at the portals and 2 in the intermediate shafts.
There will also be special portals in order to completely close the tunnel and facilitate the operation of
the fans.

Figure 11. Elements for the management of ventilation within the Lötschberg tunnel
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5.3.Evacuation
Facilities to assist evacuation: breathing apparatus for all the people on the train, pedestrian crossings
with increased width compared to the standard required, proper lighting and clear signage and the
possibility of using dynamic signals.
5.4.Saving
The 4 portals of the tunnel (2 of main tunnel and 2 for technical tunnels) will be manned 24h/7days in
order to initiate rescue operation in time and make any point in the tunnel reachable.
At each of the main entrances, there will be an area of triage equipped with 2 rescue trains accessable
to the tunnel. In case of accident, the trains have to be ready in 10 minutes and operational in less than
45 minutes. They are equipped with a fire extinguishing system, hyperbaric chamber, first aid
equipment and are made of high fire rating materials.

Figure 12. Rescue train in the Lötschberg tunnel completely analogous to that provided for the CBA
6.CONCLUSIONS
The project is extremely complex and unique. Numerous analyzes have demonstrated the technical
feasibility of an original solution. The safety of the system has been verified with the single tunnel
with attention and investments concentrated on risk prevention.
The design of the CBA is now in the final approval stage by an intergovernmental committee
(EBIFETRA).
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ABSTRACT
SES (1D) analysis has been developed for THESSALONIKI METRO EXTENSION TO KALAMARIA
for Tunnel and Station ventilation analysis.
The tunnel ventilation consists of provisions required to maintain an acceptable environment in the
running tunnels during normal operation conditions, and to provide for smoke control and safe
evacuation of passengers during a fire emergency condition in the tunnels or station trackways.
Computer analyses have been performed to develop the design for the control of tunnel and trackway
temperature and airflow conditions under all modes of train operation throughout the tunnel sections
and underground stations.
Specific scenarios for normal, and emergency operations were prepared and simulated, with the
appropriate fans, when required, to maintain the design environmental conditions.
The Subway Environment Simulation (SES) Version 4.1 has been the primary tool used to analyze the
various conditions and the results are presented in the subsequent sections of this report. Proprietary
TDT tools have been used in order to accelerate process.
STATION DESIGN ARRANGEMENT
Underground stations are designed with Platform Screen Doors (PSD) isolating the platform area
from the track ways, preventing the loss of cool air through direct heat exchange with the warm air
flowing in the tunnels.
Consequently, the track ways along the station platforms act like ordinary tunnels when no train is
stopped there, and with a minimal leakage during the relatively short dwell time.
TUNNEL VENTILATION SYSTEM
Tunnel ventitation system for SES (1D) analysis of THESSALONIKI METRO EXTENSION TO
KALAMARIA has been developed according to the following statements:
•
•

•

Tunnel ventilation systems solely rely on the Natural Ventilation. It is an open system with
Natural Vent Shafts.
The tunnel ventilation system consists of tunnel ventilation fans (TVF), jet fans (JEF),
motorized dampers, sound attenuators and ventilation shafts. TVFs will be housed in TVS
plant room. Shaft to extract hot air or smoke out of the tunnels and replenish with an influx of
fresh air during congested and emergency operation, will be located at each station.
During normal operation, ventilation shafts at both ends of tunnel will be opened to allow the
piston effect of trains to expel warm air out of the tunnel and draw-in ambient air. The use of
mechanical ventilation to maintain the design tunnel temperature is not required under normal
operation.

VARIOUS FUNCTIONAL OPERATION MODES
The Train operation has been categorized into various working modes as follows:
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•
•

Normal Operation Mode.
Emergency Operation Mode.

Normal Operation Mode
When train runs in the tunnel and stops at station as per designed dwell time, the operation is said to
be Normal Mode operation
•
•
•

The Air Pressure generated due to the piston effect of the train is released through the
Ventilation shafts on the stations using the Draught relief Damper.
Natural Ventilation with open vent shaft ensures the tunnel ventilation requirement. No
mechanical equipment is operated for tunnel ventilation.
OTE is operated continuously to ensure the removal of Heat from the stationary train.

Emergency Mode Operation
The concept of emergency mode operation is to provide a ventilation system that would control the
spread of smoke in the tunnel environment by moving the smoke in one direction while the
passengers evacuate the tunnel in the other direction. As per NFPA 130, the emergency ventilation
system shall be designed to do following:
•
•

Provide tenable environment along the path of egress from a fire incident in enclosed train
ways
Produce air flow rates sufficient to prevent back layering of smoke in the path of egress
within enclosed train ways

In case there is a fire in the Train the Tunnel ventilation system is operated in the Emergency Mode
to control the spread of smoke movement and to ensure the safe evacuation of passengers.
SES METHODOLOGY
The Subway Environment Simulation (SES) Computer Program is a designer-oriented tool which
provides estimates of airflows, temperatures, and humidity, as well as air conditioning requirements,
for both operating and proposed multiple-track subway systems.
The capabilities of the SES program are comprehensive, permitting the user to simulate a variety of
train propulsion and braking systems; various systems of environmental control (including forced air
ventilation, station air conditioning, and trackway exhaust); airflows in any given network of
interconnected tunnels, stations and underground walkways; any desired sequence of train operation
(including the mixing of trains with different operating characteristics and schedules); various steadystate movement solely by mechanical ventilation and buoyant forces; and a special feature to simulate
the long-range thermal impact of the possible reduction in the heat-absorbing capacity of tunnel walls
after many years of system operation.
In order to study the effects of ventilation, a geometrical model of Athenas Metro, has been developed
including 6 stations and 3 shafts: Patrikiou, Kritis Shaft, Nomaria, Kalamaria, Aretsou, Pontou Shaft,
Nea Krini, Mikra and End Shaft.
All input data needed for SES simulations, as tunnels alignment and cross sections, rolling stock input
data, temperatures, etc. have been used in constructing SES simulation geometrical model.
Input Data
•
•
•
•
642

General data: alignment of tunnel, cross sections
Design hour: 3pm
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•
•
•
•
•
•

Train dwell time at station: 25s
Fire emergency scenario: tunnels
Number of train stopped inside tunnel during fire emergency operation: 1
Number of train cars on fire: 1
Design heat release of train fire: 8MW
Design criteria of fire emergency operation: TVS intake and TVS exhaust

Design headway

90 sec

Train headways (weekdays)

no trains
600 sec
180 sec
90 sec
180 sec
90 sec
180 sec
600 sec

Number of cars per train

(24:00 to 05:30 hrs)
(05:30 to 06:00 hrs)
(06:00 to 07:30 hrs)
(07:30 to 10:00 hrs)
(10:00 to 14:00 hrs)
(14:00 to 16:30 hrs)
(16:30 to 22:30 hrs)
(22:30 to 24:00 hrs)

4 (all motored, with 5 bogies, of which 4 are motored and the 5th one (middle) is
a trailer)

Train length

51.2 m

Train typical perimeter

12 m

Train typical frontal surface area

8.7 m2

Pressure loss factor at train nose

0.3

Train roughness (aerodynamic)

20 mm

Maximum speed

80 Km/h

Train mass

112950 Kg (full load @ 90 sec headway)
80150 Kg (empty)
25 sec

Train dwell time
Proportion of traction energy given
out as heat

10 %

Proportion of braking energy given
out as heat
Train auxiliary heat loads

84 % (16 % power regeneration)
34 KW

Train air conditioning heat loads

32 KW per car (128 KW per train)

Train air conditioning electrical
power consumption

13 KW per car (52 KW per train)

Train borne noise

84 dBA (moving at 80 Km/hr)
68 dBA (stationary)

Table 1

Physical properties of the train.

Number of passengers per train

466 (peak hour maximum with 5 passengers/ m2)

Passenger mean waiting time at station (90 sec headway)

45 sec

Average maximum number of passengers waiting in
platform at peak hours

300

Table 2

Physical properties of passengers.
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Lighting heat loads for public areas

15 W/m2
10 W/m2
12 W/m2

-platforms -concourses -staircases

Advertising

3 W/m2
2 W/m2

-platforms -concourses/staircases

Escalator heat loads (for concourses)
ATIM heat loads

20 % of rated power
0.25 KW / unit

Lifts

1.2 KW / unit, for platform lifts

Human heat loads (for stations & tunnels
ventilation design)
Human heat loads (for HVAC design)

Table 3

As per ASHRAE or (T.O.T.E.E) 2425/86 and 2423/86

Physical properties of stations.

Train fire size
Platform (outside of train)
or concourse fire size

Table 4

0.6 KW / unit, for concourse lifts
As per ASHRAE or TOTEE 2425/86 and 2423/86

8 MW, developing from 0 MW within 8.9 minutes according to the parabolic law :
Q(W) = 27.7 x time(sec)2 and then remaining constant at 8 MW for another 6.1
minutes
1 MW, developing within 5 minutes and remaining constant for another 5 minutes
before decaying to zero.

Physical properties of fire.

GEOMETRICAL MODEL
TD&T´s Specialised Design Tools
Tools developed by TD&T are:
• SES input pre-processor
• SES segment generator
• SES route generator
• SES output Post-Processor
• Fire editor
• Fans editor
Segmentation of tunnel
The first part of the discretisation of tunnels/stations system, will consist in defining the segments
which the tunnel system will be divided into. Tunnels and stations will correspond to sections and line
segments.
Plant and profile
For execution of simulations of the model, the plant and profile of the tunnel are reproduced exactly
as provided in the project.
Location of Nodes / Sections
Next task, after reproducing plant ant profile of tunnel and stations tarea, is situating nodes.
Criteria to set up nodes are:
• Changes of grade
• Connection between tunnels
• Connection of ventilation shafts
• Connection with atmosphere (portals)
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Division of sections / Segments
Line sections have been divided into segments with an objective length of 15m (car length), with a
tolerance of ±5%. Where this has not been possible, the most uniform division of segments has been
intended.
Characterization of segments
Line segments generated, as describe in last paragraph, are described by
• Free area (cross section minus rails section, and any other element).
• Perimeter.
• Absolute rugosity of section.
• Accumulated height.
• Length.
• Head losses coefficients affecting circulating flows.
• Initial dry and wet bulb temperatures, at Thessaloniki.
Line Sections/Ventilation Segments
Other tan regular segment characterization, ventilation shafts, should show other parameters as
• Grate free area= 9.66 m2.
• Maximum output speed= 6m/s.
• Initial dry and wet bulb temperatures, at Thessaloniki Metro Extension to Kalamaria.
• Use for ventilation section (access, shaft, plenum)

Figure 1

Tunnel ventilation shaft

Shafts and ducts
All ventilation shafts have been modeled, for tunnels and stations, using our AutoCAD plug-in tool.
•
•
•

Tunnel ventilation shafts
The fan used for each tunnel ventilation shaft is the one shown in figure 1 with airflow of
around 75 m3/s.
Station ventilation shafts
The fan used for each track station OTE is of around 15m3/s.
Plenum ventilation segments
Ducts and plenum (grates) for OTE have been designed and included in SES model. 22
grates/plenum have been described into SES model, for every platform, in all stations, as well
as corresponding ducts. Data are described in AutoCAD plug-In.
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Figure 2

Station ventilation OTE
Figure 3

Tunnel model (Autocad)

Weather conditions
Weather conditions have been considered, at rush hour, at the design temperature of 32ºC (Dry Bulb
temperature) at 3pm, in August.
Axial fans
Fans in SES, are described by 4 coefficients of a grade 3 polinomium, that SES internally readjusts at
every moment, at instant air density.
To obtain these coefficients, each fan should be introduced in SES through four points of the work
curve (Flow-Total Pressure), and lower and upper limits, and starting time. In SES, each shaft can
only include one fan, so if there are more, the equivalent fan should be calculated.

Figure 4

Axial Fan

Figure 5

Fire

Trains
Trains have been simulated at maximum train headway, every 90 seconds, and 180 seconds, in
August, for normal operation.
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All train’s parameters needed for SES simulations, have been included.
SIMULATION CONDITIONS
According to design documents, the following situations have been simulated.
Normal Operation
•

•

•

The Normal TVS operational modes are in effect when the movement of trains is according to
the schedule and the flow of passengers into and out of stations is unobstructed. The main
source of ventilation during normal operating conditions will be the piston-generated airflow
produced by moving trains, augmented by both the availability of tunnel ventilation shafts
and the operation of Track way Exhaust System (TES) in the station track ways.
The piston-action of moving trains will create a natural flow of air in the tunnel in the
direction of train movement. When trains leave the stations, they will also drive fresh air into
the tunnel network. This fresh air is warmed by the heat rejection of the moving train, and is
removed from the tunnels via the tunnel ventilation shafts on the forward side of each station
and / or complemented by the operation of the under platform exhaust systems provided at
each station. Tunnel air is relieved through TVS acting as draught relief shafts (no fans in
operation). The shafts shall be located at each station end.
TES will be composed by Over Track Exhaust (OTE) duct.

Fire Situation
The emergency TVS operational modes are for incidents such as fires in a tunnel or station track-way.
Emergency tunnel conditions will lead to a planned, semi-automated response requiring the operation
of the Tunnel Ventilation Fans (TVFs), the Tunnel Booster Fans (TBFs) if required and / or the Over
Track Exhaust Fans and will likely require also the evacuation of patrons under environmentally
acceptable conditions.
In the event of a fire, the design of the tunnel ventilation system will control smoke flows, in a way,
such as a safe evacuation route is created for the passengers of an incident train in the opposite
direction of the smoke extraction. The ventilation scenario shall be activated by operator via TVS
HMI (Human Machine Interface) at OCC (Operation Control Centre). This HMI shall include help
decision tools with a limited number of questions to activate the ventilation in the suitable flow
direction depending on various parameters (location of the train in the tunnel, location of the fire on
the train).
In case of fire in tunnel, the strategy consists of pushing the smoke in one direction to leave the tunnel
section upstream the fire, free of smoke, so it will be used for egress. A push pull strategy is applied
which consists of blowing fresh air from one shaft and exhausting smoke through the opposite shaft.
The velocity upstream the fire must prevent back layering which means it must be at least equal to the
critical velocity.
As stations shall be equipped with platform screen doors, the passengers in the train stopped in station
will quickly evacuate in the station where they shall be protected from the smoke.
SCENARIOS
Data obtained are big files of about 100Mb after developing a simulation, both for normal operation,
as well as emergency operation.
The post-processor allows a rapid Reading of Data obtained after simulation, for each segment of the
tunnel. Data are treated and graphics are shown for all simulation results.
Normal Operation
In normal operation, trains have been included in the simulation cases, in order to observe piston
effect for headways of 90s and 180s.
• All tunnel shafts are in compensation mode.
• Station shaft in operation (OTE) includes a fan of 15m3/s, for each track.
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Figure 6

Normal Operation Mode

Figure 7

Normal Operation Mode (SES Graphic Result)

Emergency
A fire (8MW) has been simulated in a car train, which was running in normal operation and stops at
segment centre of interstation. Then, fire has started, considering normal conditions up till the train
stops. TVS fans have been used as intake and exhaust of air, including one fan, as in Figure 4.
All tunnel segments considered for simulation are located in the middle of interstations. So, the
middle car of the train is sitting on that particular segment.
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Figure 8

Emergency Operation Mode
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Figure 9

Emergency Operation Mode (SES Graphic Result)

CONCLUSIONS
According to simulation results, and experience in ventilation of rapid transit systems, conclusions t:
•
•
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Normal operation mode with Tunnel Ventilation System (no fans in operation) and Station
Extraction System works perfectly according to present SES results.
Emergency operation mode with Tunnel ventilation system works correctly in all tunnel
interstations.
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ABSTRACT
The HVAC component of FDS 6 was used to divide a 1.2km tunnel into a 3D near fire area and a 1D
area further away from the fire in order to investigate the feasibility of multiscale modeling of tunnel
fires with this new feature in FDS. The two sub-models were coupled directly. The ventilation system,
comprised by 5 pairs of jet fans, was defined in the duct upstream of the fire. A fire of 30MW was
used and the simulated fire duration was 600s, as the focus was on the flow rather than on structural
damage. The results were compared with reference works on multiscale modeling and the outcome is
considered positive, with a deviation of less than 5% in magnitude of relevant parameters, yet with a
significant reduction of the simulation runtime. As such, the multiscale method is deemed feasible for
simulating tunnel fires in FDS6. However, the simplifications that are made in this work require
further investigation in order to take full advantage of the potential of this computational method.
KEYWORDS: multiscale modeling, FDS, tunnel fire, 1d model, longitudinal ventilation
INTRODUCTION
Fire modeling is used as a means of investigating a variety of fire scenarios; however the large
domains needed in tunnel modeling require large computational resources that often exceed those
available in most research institutions and fire safety engineering offices. Multiscale modeling for
tunnel flows and fires has previously been studied using RANS general purpose CFD software and it
has yielded satisfactory results in comparison to full scale CFD simulations [1-3]. It combines a 3D
domain for the near fire zones, which are characterized by large temperature and pressure gradients,
with a 1D network approach for the far field, where the flow is treated as a mono-dimensional
quantity. The present study aimed to analyze whether or not the multiscale modeling approach for
tunnel fires could be successfully applied in Fire Dynamics Simulator 6 (FDS6), an open source, firespecific CFD software [4] that is easily accessible to modeling specialists.
METHOD
The implementation of multiscale modeling in FDS used a mono-directional road tunnel with a
rectangular cross-section of 8m width and 6.5m height. Its total length of 1200m was split into 400m
of 3D domain with two 1D ducts of 400m on either side. The 3D domain was divided into 17 meshes
in order to reduce the runtime of the simulations. The tunnel walls were considered adiabatic and the
model used ambient conditions at the portals. The 1D model was defined using the novel HVAC
component of FDS6 as two ducts connected to the FDS domain and to the ambient by two nodes each.
The ducts had a cross sectional area equal to the one of the tunnel in the 3D domain. A fixed flow was
specified in the tunnel to induce the flow given by the jet fans. The ventilation system consisted of 5
jet fan pairs in each duct, but only the jet fans from one side were activated simultaneously. The main
fire scenario involved a 30MW fire, as this exemplifies the peak release rate of a burning bus. A
sketch of the model is presented in Figure 1. After the feasibility study, an analysis was performed to
see the effects of wind conditions at the portals.
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Figure 1

Tunnel model in FDS6: 3D domain connected to 1D ducts on each side

DISCUSSION
The results obtained using FDS showed good agreement with the ones obtained in the reference work
by Colella et al [5]. While the multiple meshes introduced an error of approx. 10ºC and velocity errors
of less than 0.5m/s, the results showed deviation of less than 5% from the results obtained using a full
CFD solution in the reference work. Figure 2 presents veraged temperature results in the 3D model
from the simulation involving the main scenario. The durations of the simulations were significantly
reduced using the multiscale model with a cell size of 0.4m, with one simulation requiring around 6h
to complete on an 18-core computer using multiple meshes.

Figure 2

Temperature results in the tunnel for a 30MW fire and 5 active pairs of jet fans

CONCLUSION
Using the results of the reference work as validation, it was concluded that it is feasible to use
multiscale modeling of tunnel fires in FDS6. This method provides a significant reduction in run time
and computational resources, while maintaining an accuracy similar to the one given by using a full
CFD solution.
REFERENCES
1.
Colella F., Rein G., Borchiellini R., Carvel R., Torero J.L.,Verda V., “Calculation and
Design of Tunnel Ventilation Systems Using a Two-scale Modelling Approach”, Building and
Environment, 44, 2357-2367, 2009.
2.
Colella F., Rein G., Carvel R., Reszka P., Torero J.L., “Analysis of the Ventilation
Systems in the Dartford Tunnels Using a Multi-scale Modelling Approach”, Tunnelling and
Underground Space Technology, 25, 423-432, 2010.
3.
Colella F., Rein G., Verda V., Borchiellini R., “Multiscale Modeling of Transient Flows
From Fire and Ventilation in Long Tunnels”, Computers & Fluids, 51, 16-29, 2011.
4.
NIST, “Fire Dynamics Simulator User's Guide”, 2013.
5.
Colella F., Rein G., Borchiellini R., and Torero, J.L., “A Novel Multiscale Methodology for
Simulating Tunnel Ventilation Flows During Fires”, Fire Technology, 47, 2010.

652

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Influence of near-wall region in the flows mode of smoke
for a ventilated tunnel fire.
Hadj. Miloua a , Abbes.AZZi b
a : : Laboratoire des énergies renouvelables et du développement durable
(LERDD) University de Constantine 1 , Algérie
c: Laboratoire de mécanique appliquée, IGCMO-USTO, Oran, Algérie.

E-mail: miloua_hadj@yahoo.fr

KEYWORDS: tunnel fire, ventilation, backlayering flow, wall effect.
INTRODUCTION
The objective of the present study is to examine the near wall effect to the smoke dispersion with a
Large Eddy Simulation for a full-scale ventilated tunnel fire. The numerical model solves three
dimensional, time-dependent Navier-Stokes equations, coupled with submodels of boundary
conditions and thermal radiation transfer. Turbulent combustion process is modelled by EBU
approach by using two chemical reaction steps to CO prediction. A CFD model is shown to predict
the general behaviour of the temperature field as the effect of the tunnel walls effects thermally and
turbulence. The predicted temperature in the smoke and flame shape was compared to the
experimental data and previous numerical results. The specific model of turbulence is based to
introduction of submodels “Werner-Wengle wall model, is a better description of the velocity
boundary condition.
MATERIAL AND CONDITIONING
We introduce theWerner andWengle (WW) wall model in order to testing models for turbulent flow
near wall of tunnel fire and to more identified smoke transport. because its to understand fire scenario
by the identification of friction factors for relatively with Reynolds numbers(using the Moody
diagram), Incorporate roughness effects into the wall model for both constant density and stratifed
plume relevant to pressure of turbulence smoke ,a wall model reproduce the mean wall stress for flow
in a straight tunnel. WW using and nondimensional wall-normal parameters in the near-wall region
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Figure 1. The experimental set-up and computational domain.
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FIRE SIMULATION

The tunnel wall have an effect on fire scenario : first by a thermal effect in case of adiabatic
and no-adiabatic wall and second by roughness effects which can favorised the turbulence and the
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Figure 2. Flame shapes calculated by proposed CFD with heat loss inside the wall under critical
ventilation rate (2.0 m s_1).

Figure 3. Comparison of the calculated vertical temperature downstream the fire with CFD model
and heat loss Under critical ventilation
DISCUSSION

In this CFD with an Eddy break –Up model and identification of wall tunnel effect will be
presented the results from the fire simulation with a good agreement with experiment.
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Hot surface ignition of alternative fuels
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ABSTRACT
During the last decades, the use of alternative and renewable fuels has gained popularity steadily. This
popularity obeys to the desire of governments and citizens of reducing both the dependence to fossil
fuels and the emission of greenhouse gases to the atmosphere. According to the Swedish Transport
Administration [1], around five percent of the fuel used for transportation in Sweden comes from
renewable sources, mostly ethanol, Rapeseed Methyl Esther (RME) and biogas. The introduction of
alternative fuels in the Nordic countries has been done by adding small amounts of ethanol and
Rapeseed Methyl Esther (RME) to commercially available fuels, in particular petrol and diesel,
respectively. From the environmental point of view, alternative fuels offer a wide variety of
advantages [2]. However, the use of alternative fuels may have unknown consequences to security,
particularly to fire since the ignitability limits of these fuels and their mixtures with conventional
fossil fuels, when entering into contact with hot surfaces, can be lower than those of the matrix fuels
[2, 3]. It is therefore necessary to study the aspects related to the security of these fuels in relation to
their use, storage and transport, especially now when considering that incoming European directives
dictate that fuels used for transportation by road should increase the amounts of renewable fuels in
their blends.
Previous studies reporting the ignitability of single droplets when entering into contact with hot
surfaces indicate that ignition is correlated to the amount of energy that can be supplied to the fluid
[5]. Furthermore, a comprehensive study involving tests from a dozen automotive and aviation fluids
showed that ignition is probabilistic over a relatively broad temperature range which can be treated
statistically using logistic regressions [6].
Fires in buses and coaches are unfortunately still common around the world [8]. Statistical data
gathered by national and international insurance companies indicates that nearly one per- cent of these
vehicles circulating across northern Europe will suffer an incident related to fire during a one year
period and that one in ten will have an incident related to fire during its life cycle [9]. Although this
quantity is alarmingly high, it does not necessarily denote that all these fires lead to fatalities or total
property loss. However, statistical data do indicate that almost two thirds of the reported fires
commenced in the engine compartment and that these fires were, in most cases, not promptly detected
by the drivers. Additionally, late detection caused that nearly one in five of these fires spread outside
the firewall of the engine compartment putting in risk the security of its occupants [9, 10].
In addition of certain combustion strategies for lowering the tail-pipe emissions, most of the engine
manufacturers decided to install aftertreatment systems for reducing the emission of nitrogen oxides
(NOx) and particle matter (PM) in order to compel with Euro 6 legislation [11]. Unfortunately, these
systems may have negative repercussions to fire safety, especially during particle regeneration when
the temperature of the exhaust system is expected to be higher in comparison to previous engine
packages [12]. The use of aftertreatment systems leads, in practical terms, to large and exposed hot
surfaces which can contribute to the ignition of undesired aerosols from leaks from the lubrication,
hydraulic or fuel systems. Furthermore, these large, hot surfaces can irradiate a considerable amount
of heat which can accelerate ageing of plastics components such as reservoirs and hoses in the engine
compartment [13].
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This paper reports an experimental study of the ignition probability of combustible drops entering into
contact with hot surfaces as a function of surface temperature for, heptane, pure diesel and blends of
diesel with RME (Rapeseed Methyl Ester). Experiments were conducted by dipping small drops of
the tested fuels onto the surface of hot metal plates which temperature was controlled and varied on
demand between 320 and 620 ℃. The effect of surface rugosity on ignition probability was also
studied using almost identical metal plates but with different surface finishes: polished, sand blasted
and raffled, the latter to simulate a cast iron surface. Results from this study show the ignition
probability of different blends as function of surface temperature. Results show that pure diesel
requires of higher plate temperatures to ignite than heptane or pure RME. Adding RME to
commercial diesel lowers the ignition temperature of the fuel. This means, in principle, that aerosols
from a fuel leak entering into contact with the hot surfaces of the exhaust and aftertreatment systems
have a higher probability of being ignited if the blend contains RME.
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INTRODUCTION
Continuous and reliable monitoring of a tunnel in all environmental conditions is a fundamental
requirement to guarantee a high safety level. Being able to constantly monitor traffic and people
behaviour is essential for operators, especially during critical phases such as fire situations when it is
important to control evacuation procedures. Radar systems provide a continuous monitoring
irrespective of the tunnel conditions: unaffected by smoke and dust, radar sensors are able to detect and
track people and cars. In addition, signal processing software could be used to obtain automatic
incident detection (AID) to prevent dangerous situations. This paper illustrates the technology
characteristics and focuses on the enhanced security that such system delivers to tunnel operators.
FMCW RADAR
Millimetre wave (MMW) radar satisfies many of the criteria required of a sensor to detect in all
environmental conditions: unlike optical sensors, MMW radar maintain the same performances
irrespective of any visual obtrusions as dust or smoke coming from vehicles exhausts or fires. Using a
frequency modulated carrier (FMCW) over a 600 MHz bandwidth at 76-77 GHz, the sensor also
provides high resolution accuracy as low as 0.25 m which guarantees the detection of both people and
cars at long range [1]. The radar sensor can be both a fixed panel, facing one side of the tunnel only, or
mechanically scanning, hence covering 360 degrees. Static sensors usually provide a shorter coverage
comparing to the scanning radar that extends the covered area up to 1 km diameter. Unlike Doppler
systems no movement is required to detect a target within the coverage. The sensor, while spinning,
collects the reflected signal from the objects in the covered area: range, bearing and signal power are
sent to a processing software that extracts the relevant information.
SIGNAL PROCESSING
A signal processing software is required to detect and track targets. Using a constant false alarm rate
(CFAR) algorithm these are extracted from the background noise and, in order to eliminate the static
infrastructure, a cluttermap is built and updated at every scan leaving only the new objects to be
processed. At this stage, a multi-hypothesis tracker associates the target movements to create a track
with a unique ID which includes location, recorded time, speed and size amongst other information.
Based on the target properties it is possible to distinguish between people, vehicles and debris.
PEOPLE DETECTION
A higher level of security in tunnel is achieved when fatalities possibilities are reduced as much as
possible. The presence of people where they are not allowed to be is a major risk for both the
pedestrian and drivers; also it might indicate a security threat for a terrorist attack or the consequence
of an accident whereby people exit their cars. Being able to react promptly reduces the risk of fatalities
and prevents further dangers, but is necessarily conditioned to a reliable and rapid detection system. A
further necessity is to keep the tunnel monitored especially during extreme and dangerous situations
such as fire evacuation. FMCW radar can address both these challenges by providing a reliable
657

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

detection system in all conditions, increasing operators’ awareness and surveillance under any
circumstances.
AUTOMATIC INCIDENT DETECTION
Automatic incident detection (AID) is an important addition to a tunnel safety system. Detecting
incidents promptly allows taking immediate countermeasures that reduce the risk of fatalities or bigger
problems like fire spreading. The Norwegian centre for transport research has observed that, between
the 2008 and 2011, 23% of the fires in tunnels were caused by a single accident or a collision, leading
to a personal injuries or death in 50% of the cases [2].
At the current state, incident detection in tunnel varies based upon tunnel systems. Tunnels rely on
external reports or phone calls from motorists, CCTV monitoring or – in some cases – on video
technology [3]. All these present serious limitations. If operators’ attention over CCTV is usually very
limited, even lower is their trust over an automatic detection system which presents a high level of false
alarms. Camera technology, for example, suffers from the environmental condition and lighting
changes close to the tunnel portal, generating a high level of nuisance alarms. Automation mistrust
leads operator to ignore the alarms altogether and experience the “cry wolf” phenomenon. Radar AID
is achieved at the software level, where an alarm generation processor analizes each track produced
and, based on its properties and behaviour, alarms can be generated for pedestrian and slow, stopped or
reversing cars.
THE SOUTHLINK TRIAL
Radar system has been tested and consequentially adopted in the Southlink tunnel in Stockholm,
Sweden. Tunnels are often dirty environments where cameras had proven to be prone to a degradation
of performances caused by dirt and grime form road vehicles. In addition, operating reliably in
changing, or bright, lighting conditions is particularly difficult for video based AID. Both these
weaknesses have suggested to the operators the need to experiment an alternative technology. During
the trial it was used a digital video recorded (DVR) to trigger cameras when a dangerous situation was
detected. In this way it was possible to confirm the good detections (Figure 1) and monitor the false
alarm level. The system has proven its efficiency to overcome the limitations of camera technology for
automatic incident detection in tunnel, detecting slow, stopped and reversing vehicles and people with
a response time of 10 seconds together with a false alarm rate of 1 per day per km covered.

Figure 1

People detected in the tunnel - DVR capture
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INTRODUCTION
The main driving factor for improvements in the road tunnel safety management system is feedback
on incidents and fires. It is "indispensable to determine the behaviour of systems in their
environments, in actual operating conditions1 ". This feedback enables teams to correct any
malfunctioning of the systems and organize upgrades.
This article has two aims. The first aim is to present French feedback using the new feedback chain
concept introduced in France. The second one is to briefly present French works (in process and
planned) in this field and first results.
THE EXPERIENCE FEEDBACK CHAIN IN FRANCE
For the 200 French tunnels with a length of more than 300 metres, feedback must meet a certain
number of regulatory requirements while being integrated in a varied context: structures may be
owned by the central government or local authorities; tunnel managers may be public or private; the
level of risk as well as human and financial resources may differ widely between structures
Practices, regulations and the French context mean that incidents must be identified and analysed by
the tunnel operating body. For approximately 80 tunnels on the national road network, regulations
require information to be transmitted to the French government. This transmission only relates to
incidents defined as significant, according to regulations. Lessons can clearly be learnt from all
incidents. Therefore, although only significant incidents have to be transmitted to the French
government, it is preferable to record all incidents. They can subsequently be analysed in detail, if
sufficiently pertinent. This process acts as a fully-fledged data collection and analysis chain. The
concept behind this chain is shown in the diagram below.

This approach was highly useful for describing and analysing this process via the different stages in
1

Mortureux, Y. “Le retour d’expérience en questions”, Technique de l’Ingénieur, traité Conception –
Production, 2004.
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the feedback chain. The process will be described in the article.
The analysis led to the identification of initial difficulties and lines for improvement. Research
initiatives have been or will be launched on this basis, subsequent to this operation. Two types of
actions are being/will be launched. The first type relates to improving the process reflected in the
feedback chain. The second type aims to complete the information obtained from this process. Both
types are explained in detail in the following two chapters.
IMPROVING THE FEEDBACK PROCESS
The process of collecting, checking and analysing feedback data managed by the operator (stages 1
and 2 in the chain) must integrate various priorities: the collection of exhaustive and reliable data; the
selection of pertinent data and events; the scope of the analysis These priorities strongly depend on
how teams are organised to process feedback. This topic was therefore the subject of a CETU thesis
started in November 2010, in partnership with an operator of the north Lyons ring-road tunnels, and
Université de Grenoble. Christelle Casse (doctoral student) works in coordination with several
operators, who pay close attention to this matter. Her observations and analyses led to a certain
number of conclusions and proposals for improvements. These particularly relate to the definition of
pertinent events for feedback, the distribution of information, and the procedure for the organisation
of the analysis. This analysis involves various hierarchical levels and different sector-specific teams.
Stage 3 (transmission of information required by the French government) often implies an additional
workload for the operator. In fact, the nature and format of the information required often differ from
those applied for the data collected by the operator. Consequently, some items of information may be
omitted. A working group will be created in 2014 in view of making concrete proposals intended to
ensure the reliability of information transmission and analysis processes. Informal discussions with
operators have already led to the determination of several lines for improvements, e.g. for the nature
and quantity of information required. These elements have already been put to good use to propose a
harmonisation of feedback processes at European level.
COMPLETING FEEDBACK.
The information forwarded to the French government (for approximately 80 tunnels) is processed for
statistical purposes. Each year, this processing provides a multi-annual perception of variation in the
number of significant incidents (as defined in regulations) and victims. This information is also
worthwhile for understanding events, but is not suitable for risk analysis purposes. A larger scale
statistical study is currently in progress and aims to obtain data suitable for this purpose, but also to
improve the understanding of incidents, particularly causes and factors influencing phenomena.
Furthermore, this study is not limited to significant incidents, but also covers all accidents and
breakdowns. 50 - 70% of the length of tunnels (depending on type) with a unit length of more than
300 m will be included in this study. Furthermore, this study is not based on the information
forwarded, but directly on the data collected by operators.
The first results of this study are listed below :
• Average Breakdown rate from 2002 to 2011 :
• Average accident rate from 2002 to 2011 :
• Average fire rate from 2002 to 2011 :

126E-08 nb/veh.km
27E-08 nb/veh.km
0.9 E-08 nb/veh.km

The poster will contain graphs concerning statistic analysis.

660

Sixth International Symposium on Tunnel Safety and Security, Marseille, France, March 12-14, 2014

Iso-damage curve for windowpanes used in trains
Gero Meyer1 & Bo Janzon2
1
Mälardalen University, Västerås, Sweden, and
2
Secrab Security Research, Uttran, Sweden
gero.meyer@mdh.se
ABSTRACT
A terrorist deed involving explosives, which is the most common type of attack, on a mass transport
system may cause great damage to the train structure and can lead to many serious injuries and death
of passengers. The probability to get killed by the pressure wave generated by an explosive device is
rather small [1] but the human body can suffer major injury from objects accelerated by the explosion,
and the body may also be thrown against obstacles and exposed to inujury from the impact
Explosively accelerated fragments or glass from windowpanes may reach far, and it is well known
that a large proportion of deaths and severe injuries occurring at explosions in urban areas will
typically be caused by fractured glass panes and splinters therefrom.
The iso-damage curve, or pressure-impulse curve, is the one convenient way to describe blast damage
to structures. It emphazises the combination of pressure and impulse density to define the threshold of
damage [2]. The impulse density is defined as the integral of blast pressure over time. A failure of any
material can be caused by different combinations of peak pressure and impulse density. These
different combinations, which lead to breakage of the material form the iso-damage curve.
In 2012 explosion tests on metro train windows [3] were carried out, within the METRO project, in
shock tube IV in Märsta, Sweden. The responsibility lay with the Swedish Defense Research Agency
(FOI). 15 shots were carried out with varying charge weights. The windows used were taken from a
decommissioned Swedish commuter train of type X1 [4]. In two of the accomplished tests the
explosive charge weight was gradually increased to determine the maximum resistance of the
windowpane. The 840x1000 mm windowpanes, made of 5 mm thick tempered glass were installed
one at a time at the end of the shock tube as can be seen in Figure 1.

Figure 1

Set-up of window explosion test (mm)

The experiments showed that the tempered glass, which is supposed to break up in small, much less
harmful fragments than normal window glass, did not always do so, and in fact several pieces were
found to cluster together, forming larger splinters which had potential to cause serious injury.
The measured results yielded only one point on the iso-damage curve for the windowpanes.
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In order to extend this to a full IDC, simulations were carried out using the ANSYS AutoDyn®
explicit continuum dynamical code [5].
The experimentally and computationally found iso-damage curve was compared to IDC´s of 4 mm
and 6 mm windowpanes that are based on research done by the Explosives Storage and Transportation
Committee (ESTC) [6] of the Ministry of Defence in Bristol, United Kingdom. The ESTC graphs are
based on a window size of 550x1250 mm and showing the limit for cracking of the windowpane. The
IDC graphs are presented in Figure 2 and show good agreement.

Figure 2

Iso-damage curve for 4, 5 and 6 mm windowpanes

Further studies in this area should be made on design and material behaviour of interior furnishings,
such as wall and roof linings and on window glass of train carriages, when exposed to an explosion.
KEYWORD: explosion, train, window, glass
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ABSTRACT
This paper is devoted to the fire safety of the interchange metro station node built into the building of
trade centre. The simulation of fire development and of people evacuation for this object is carried
out. The recommendations for the maintenance of people safe evacuation during the fire are made.
KEYWORDS: metro station node, fire modeling, evacuation modeling.
At the moment the construction of metro stations and other transport underground constructions is
actively developed, including the objects with both transport and public part. In some objects these
parts are not separated constructively. This paper is devoted to the fire safety of the interchange metro
station node built into the building of trade centre.
Interchange metro station node (Figures. 1, 2) is located in the two lower levels of the trade centre and includes three nearby metro stations. These stations are separated from each other at the first level where the
metro ways are located and have the common volume at the second level where shop galleries and entrance halls are located. The first and second levels are connected throw the openings in overlapping. So
the object under consideration represents a sort of atrium with metro stations on the first floor and with the
shops at the second. Two of these three stations (Station 1 and Station 2) are built into the building of trade
centre. But they were separated constructively so the building was not considered in this work.
All three stations and trade galleries have the common evacuation ways. So the maintenance of the
evacuation during fire was the question of special interest and the corresponding computational assessment was carried out. The people evacuation was supposed to be safe if the last person reached
the safe zone before the blocking of the evacuation ways by fire hazardous factors. The simulation of
fire development was made by CFD code SOFIE [1]. The detailed description of the mathematical
model can be found in [2].The simulation of people evacuation was made on the base of the mathematical model of individual - stream movement of people from a building [3].
The number of people was accepted according to data for a morning rush hour and was equal to:
Level 1 (metro station platforms):
- Station 1 – 2626 people (561 of them at the platform );
- Station 2 – 2626 people (561 of them at the platform );
- Station 3 – 1316 people (257 of them at the platform)
Level 2 (shop galleries):
- above the Station 1– 561 people;
- above the Station 2– 561 people;
- above the Station 3 – 257 people.
This data corresponds to the most severe case when there are 2 trains at each station. Besides that the
station personal was added to the above mentioned amount of people. So the total amount of people
was equal to 8268 persons.
The evacuation of people under the train fire at the station can be described as follows. After the fire detection
all people inside the station node simultaneously begin to move to the escalators. For the evacuation from the
level 1of Stations 1 and 2 to the level 2 eight groups of escalators (four for each station) were used. For the
evacuation from Station 3 one pair of escalators was used. After reaching the level 2 people move to the to
the turnstile lines. Then they move to the common halls, corridors and walking (safe) zones. It was supposed
that all turnstiles are opened and all escalators are moving upwards with the velocity of 45 m/min.
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The movement of people from the metro stations is accompanied with the appearance of people
crowds of high density (more than 0.5 m2/m2). Such crowds were observed in the area near the exit
from the common hall for three stations to the corridor and in all the following sites of the evacuation
ways until the walking zone. The density of people stream exceeds 0.5 m2/m2 after four minutes and
continues to grow up to 0.95 m2/m2. This almost leads to the stop of people stream. So after the full
coming out of people from the common halls in the corridors there are about 3500 people which reach
the walking zone only in 12 minutes. And total time of evacuation according the calculation results is
equal to 1360 c. Thus for the maintenance of safe evacuation it’s necessary that if the fire appears at
the Stations 1 or 2, the people from Station 3 don’t move through the common hall. And if fire appears at the Station 3, the people from Stations 1 and 2 don’t move through the common hall.
Besides that on the base of fire modeling and people movement simulation results the following
measures were recommended:
- under the fire all turnstiles are opened and all escalators are moving upwards;
- on the levels 1 and 2 the fire safe zones should be provided for physically handicapped persons;
- for the smoke protection of the level 2 the smoke extraction system should be provided with
smoke extraction rate not less than 200000 m3/hour. For the creating of smoke zones on the
second level the longitudinal fire curtain should be provided at the center of the shop gallery
on the second level and the fire curtain above the turnstile line for separating the common hall
from the shop gallery (see fig. 2). These curtains should descend under the fire to the height
not more than 2.5 m from the floor.

Figure 1 The scheme of 1 level of interchange metro station node.

Figure 2 The scheme of 1 level of interchange metro station node.
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INTRODUCTION
The Stockholm bypass, currently being planned and designed by the Swedish Transport
Administration, is a new 21 km long motorway linking southern and northern Stockholm, resulting in
a new route for the European highway (E4) past Stockholm. Just over 18 of the 21 km are in tunnels,
making it one of the longest road tunnels in the world. Construction of access tunnels and temporary
harbours is planned to start at the end of 2014, and construction work for the main contracts is
planned to start early 2015.
In such a long tunnel, Human Factors knowledge is an important element in the design of the tunnel to
make sure that driving is safe and the risk of monotony is minimized. The understanding of human
behaviour in tunnels, in normal driving situations as well as cases of emergency such as an accident or
a fire, is an important input to establish evacuation strategies for the tunnel and designing evacuation
information for road users in emergency situations. The principle of self-evacuation, which means that
road users should be able to evacuate by themselves in emergency situations, requires that dangerous
situations must be detected and that correct and appropriate information must be given to the road
users at an early stage.
Experiences from tunnel fires in Sweden have shown that road users do not always behave the
expected way regarding the evacuation concept. One example is road users driving past a fire into the
smoke in front of them to make their way out of the tunnel, instead of following the traffic
information signs requiring evacuation by foot. Other examples are road users driving backwards or
turning their car to drive against the traffic direction in uni-directional tunnels to get away from a
congested situation. One reason for this could be that road users do not understand the seriousness of
the situation, but also that the design of the information given to them is not adequate.
More knowledge about road users’ behaviour in tunnels contributes to the construction of safer
tunnels; the tunnel environment can be designed in a way that minimizes the risk for incidents and
accidents to occur, and emergency and traffic information can be designed to help road users to act in
a safe and appropriate way.
EVACUATION CONCEPT OF THE STOCKHOLM BYPASS PROJECT
The evacuation concept of the Stockholm bypass project is based on the concepts of other recently
built tunnels in Sweden, such as the Södra and Norra länken tunnels, with emergency exits provided
every 100-150 meters. The complexity and length of the tunnel requires facilities that are able to
direct different messages and instructions to road users in different zones of the tunnel.
Road users in need of evacuating will be supported by various safety installations, ranging from
traffic information signs to acoustic signals and evacuation lights. Colouring, lighting and use of
windows in the evacuation doors will ensure that the emergency exits are designed in a way that
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makes them easy to find and attractive to the user.
Evacuation research and experience from previous incidents and evacuations in tunnels worldwide
has resulted in regulations and guidelines regarding safety installations and equipment in road tunnels.
Nevertheless, there is still a lack of knowledge regarding detailed design of safety installations and
safety information. In the Stockholm bypass project the Swedish Transport Administration engage a
significant amount of resources in designing and evaluating evacuation strategies and information as
well as safety installations.
RESEARCH PROJECT ON HUMAN BEHAVIOUR
As an important step in this work, the Stockholm bypass project has been granted co-funding for
research from the European Union through the Trans-European Transport Network (TEN-T). The
research project contains several work packages and will be finalised by the end of 2014, where one
main package is research studies on human behaviour at accident and fire incidents in road tunnels.
The aims are to use the results in the design of the Stockholm bypass tunnel as well as other future
tunnel projects in Sweden through new regulations and standards.
The main part of the human behaviour studies is carried out by the Department of Fire Safety
Engineering and Systems Safety, Lund University.
Method
Studies have shown that the use of traffic information signs is a possible way to inform road users [1],
and this is also implemented in modern Swedish road tunnels. One part of the human behaviour
studies aims to further investigate how traffic information signs could be designed to effectively
inform tunnel users of a fire and the need to evacuate, including the wording of messages and the use
of pictograms.
Other parts of the studies include the design of emergency exit portals, including flashing lights and
colour of doors, and how acoustic signals could be designed to effectively make tunnel users aware of
an accident or fire.
Difficulties occur when people need to evacuate in a smoke-filled environment. Tactile, acoustic and
visual way finding systems to help road users find the exit have been discussed in several studies [2];
[3], and will be further studied in this project, e.g. the use of way finding sound beacons.
Concept designs will be developed and tested in both virtual reality simulators and real tunnel
environments.
Another part of the study refers to ITS solutions for communicating emergency information in road
tunnels. The aim is to develop concepts and strategies for road user information through ITS, and to
examine if specific evacuation information to different user groups can make self-evacuation more
effective.
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INTRODUCTION
This poster focusses to practical aspects for installing fixed fire fighting systems (FFFS) to tunnels.
Most of the precious discussion and related publications about FFFS focus solely to the performance
aspect describing fire tests or different design parameters. There is very little information about design
and installation of FFFS to real tunnels, although practice has shown that the main challenges of real
FFFS projects are rather on site than in the test tunnel. How to do the installations, related minimum
standards/requirements, integration and engineering guidance of FFFS are described shortly in this
poster.
FIRE TESTS – PERFORMANCE PROOF AND BASIC DESIGN PARAMETERS
Fixed fire fighting systems are used with performance based design in Europe. There is a massive
amount of fire tests and related research done within the last decade. This passage will summarise the
major findings, but focusses more to the practical aspect what are the design parameters which will be
derived from tests to real tunnels. It is important to understand that fire tests will set the nozzle type
and lay-out parameters for the real tunnel.
MECHANICAL DESIGN
A proper mechanical and hydraulic design of FFFS is essential.
There are many important design aspects like hydraulic design,
temperature tolerances, dilation, pressure difference, vibrations that
need to be taken account in the design process. Often even
aerodynamic studies are needed, especially for the equipment
installed to high-speed rail tunnels. Also governing standards and
engineering guidance set different basic specifications for example
to the materials to be used. Typical common design challenges and
solutions used in previously installed FFFS are used as examples.
ELECTRICAL AND CONTOL DESIGN
An electric and control design of FFFS is part that is often under
estimated. It is often considered as a supportive system for the
FFFS rather than integrated part. The contractors might be also
different for the electric parts than for mechanical parts of FFFS.
However, it is essential to see the whole FFFS are an integrated part
with related electric and control design. The communication within
FFFS is limited to only pump station and section valves. Pump
station arrangements are easy since normally located to tunnel
portals, however, section valves are arranged along the tunnels and
are high in quantity. So valves need a lot of cabling and need
several connection points for the communication network. Common
solutions to realise reliable; even SIL2 certified; solutions are explained in this passage.
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INTEGRATION
The proper integration of FFFS to the overall tunnel
system is essential to have a reliable solution.
Identifying interfaces of various safety systems and
building such systems together makes sure that all
systems interact properly. The connection is often an
overall tunnel control system with SCADA user
interfaces. The practice has shown that this part can
be the bottleneck in realisation of FFFS to tunnels.
Sometimes integration has been done also having too
less automation providing too complicated
information and complex tasks for the tunnel
operation that will lead to high risk of human failures. This section will discuss shortly lessons learned, in
good and bad, from FFFS installations. Also measured system availabilities will be presented for
demonstrating the reliability of overall tunnel safety system.
STANDARDISATION AND EXISTING ENGINEERING GUIDANCE
This passage gives a briefing of standards being applied so far in European FFFS projects.
The fire fighting standardisations do not cover well FFFS in tunnels. They just give references to the
building related codes and therefore are not fully suitable to be used in tunnel applications. For
example NFPA13 or NFPA750 will specify distance of pipe supports, but there is a difference in loads
and stress if the pipe is installed to buildings or to tunnels having high speed train passing by with a
distance of 0,5m. This makes it more important to use engineering based approach for FFFS inside
tunnels.
FFFS are also covered with national road/rail tunnel standards. Such standards do not necessary specify
engineering approaches or methods for FFFS, but might specify minimum material requirements to be
installed to tunnels. The most important documents are engineering guidance documents generated in
European research projects. Examples of such are UPTUN and SOLIT documents that give guidance
for the minimum requirements for doing engineering studies, component and material selections,
commissioning and maintenance. These documents have been applied to a number of European tenders
as minimum criteria.
CASE STUDY – DARTFORD CROSSING
This chapter will explain in practice the design processes and solution
in Dartford crossing, the latest tunnels having FFFS applied in
Europe. The Tunnel is currently under commissioning and more
information will be published within this paragraph.
CONCLUSIONS
The focus of fire protection industry has been more in performance
testing than studying or developing rules for the installation of FFFS. The given standardisation also
leaves the installation part very much open. Therefore engineering based approach is used. Both
mechanical and electric designs need special knowledge, but most important is the integration of
different FFFS parts together. Additionally the integration of FFFS to the overall tunnel safety system
is minimum equally important. There are good engineering guidance documents that have been used
widely in European projects. The Dartford crossing on M25 in London is a good example of a
modernised tunnel where a FFFS has successfully being installed.
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INTRODUCTION
Safety measures like tunnel emergency ventilation systems cause high financial costs. Hence, safety
measures have to be chosen with the focus on the expected reduction of the consequences like
fatalities or damage on structures and in conjunction with the investments. Since 2004, the European
directive EU 2004/54/EC [1] proposes therefore the application of risk assessments. Because the EU
directive provides only few legal requirements on risk assessments, the methodologies developed on
this basis have large differences. After one decade of intensive research, the comparative study [2]
now highlights common aspects and differences of several methodologies.
METHODOLOGIES FOR RISK ASSESSMENT IN ROAD TUNNELS
Two examples for methodologies developed and applied in Europe are the methodologies of Germany
[3] as well as of Switzerland and Norway [4]. Also significant research has been performed in the last
decade and several sophisticated methodologies evolved, e.g. [5–9]. These methodologies are
investigated in the comparative study.
DISCUSSION OF SIMILARITIES AND DIFFERENCES
A framework for risk assessment in engineering in general was developed by the JCSS [10]. Based on
this approach, the following conceptual structure of risk assessments was derived for the analysis of
the methodologies: (a) System definition, (b) Hazard identification, (c) Consequence analysis and (d)
Risk estimation and decision support.
The system of a tunnel is defined by the parameters which have influence on the risks. Each
methodology uses a different set of parameters. Only five of 40 parameters in total are considered in
all methodologies, namely the tunnel length, the traffic volume, the frequency of fire, the distance to
the next emergency exit and the emergency ventilation. In contrast, there are also ten parameters that
are considered in only one methodology. Among them are the lane width of the road and the effect of
tunnel illumination [4], the loads of vehicles [8] and the ratio of experienced vehicle drivers [6].
The identification of hazards is mostly based on past experiences. The hazard fire is considered in all
methodologies. The hazard accident is only neglected in the methodology described in [9].
Additionally, hazards related to the release of dangerous goods are in the focus of five methodologies
[4–8]. Furthermore the risks resulting from hazards like flooding, tunnel collapse or toxic gases due to
congestions are analysed only in [5] and [6].
The number of fatalities is defined as consequence in all methodologies. Other consequences like the
costs of structural damage are analysed in the methodologies described in [7,8] but mostly in a
qualitative manner or related to the number of fatalities as in [3]. Individual reactions of tunnel users
are also consequences of hazards. Individual reactions are implemented in the methodologies [4–
6,8,9] by the reaction time of humans after the recognition of a hazard. The methodologies use also
different models to analyse consequences. Either statistical models [4–7] or computational fluid
dynamics models [3,8,9] combined with evacuation models are applied to model fatalities in case of a
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fire.
For risk estimation most methodologies use event trees to model the variety of scenarios [3,5–7,9] and
only one methodology uses Bayesian networks [4]. Bayesian networks are an advancement of event
trees and are able to model common cause failures, to be updated with new information, as well as to
represent complex interactions of systems. Utilising Bayesian networks, the methodology described in
[4] considers the most parameters of all methodologies in this study.
The risks are generally expressed in terms of individual and societal risks for decision support. Most
methodologies provide additional criteria for an accepted risk level [4–6]. However, the criteria for an
accepted risk level may be hard to define. To avoid such criteria, the methodologies described in [3,8]
uses a qualitative comparison of the tunnel to a reference tunnel assumed to be equipped with safety
systems according to [1]. Another way to determine an accepted risk level is the use of the Life
Quality Index as recommended by the methodology described in [4].
CONCLUSION
Tunnels are complex systems with various parameters and different kinds of hazards to consider. The
complexity has to be reduced for modelling of risks depending on the questions of interest. Hence, the
methodologies outlined here differ significantly and show only few common aspects. To what extent
the results of risk assessments are influenced by the differences could be part of further research.
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