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Abstract 
 
Development of a test method for fire detection in road 
tunnels  
 
The report presents the main results of a study carried out for the Swedish Transport 
Administration on fire detection in tunnels. A literature study on different detection 
systems, earlier large-scale tests, and fire development in vehicles was carried out. 
Following that laboratory tests and numerous large-scale tests were carried out in order to 
verify a proposal for a test method for fire detection systems in road tunnels. The main 
aim was to investigate possible fire detector systems and to see if they could fulfil the 
requirement given by the Swedish Transport Administration to detect the fire within 90 
seconds. The tests are presented as well as a recommendation for testing detection 
systems in Swedish road tunnels. In order to perform the fire test, pans of different sizes 
were tested in order to obtain a reasonable fire size. The method proposed requires the 
use of three 0.6 m diameter standard pans, each containing eight litres of 95 octane 
gasoline, and air flow velocities of 2 m/s and 6 m/s.  It was found out that using only one 
0.6 m  pan is sufficient if early warning is required without identifying the position for the 
fire-fighting system. 
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Preface 
 
 
The Stockholm bypass project was granted co-funding for research, including testing, 
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2014. The study presented here summarises part of the work carried out within the 
framework of the EU-project. The focus is on detection systems and developing a test 
method for such systems in Swedish road tunnels. The study contains literature study, 
theoretical studies, laboratory tests and large-scale tests in a real tunnel.  The Swedish 
Transport Administration initiated this project and was responsible for setting up the 
protection goals of the detection systems.   
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The sole responsibility of this publication lies with the authors. The European Union is 
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Summary 
 
The Swedish Transport Administration  has installed several fire detection systems in 
different road tunnels in Sweden. In a recent tunnel project, it was required that the fire 
detection system should be able to detect a 3 MW fire within 3 minutes. This requirement 
was found to be conservative by the Swedish Transport Administration.  In preparation 
for the construction of the “Stockholm bypass” project, the Swedish Transport 
Administration wanted to investigate new requirements or alternative requirements and 
appointed SP Fire Research to develop a simple, repeatable and realistic test method for 
fire detection systems in road tunnels. The new requirement proposed was that the 
systems should be able to detect a 0.5 MW fire exposed to 6 m/s longitudinal wind within 
90 seconds. These requirements may, however, be too rigid and therefore it was decided 
to determine what would be realistic requirements for road tunnels with 6 m/s 
longitudinal flow. 
 
Large-scale fire tests representing 0.5 MW – 3.6 MW fire scenarios were therefore 
performed in road tunnels in Stockholm. The velocities used in the tests varied from 
1.5 m/s to 7.7 m/s. The type of fuel was also varied. The main aim of project was to 
investigate different types of fire detection systems and to investigate if they could fulfil 
the requirement given by the Swedish Transport Administration, e.g. to detect the fire 
within 90 seconds.  
 
Part of the problem is to recognize what representative fuel to use, what the heat release 
rates the various fuels produce, and what smoke densities they release in relation to 
different air velocities.  SP Fire Research took these questions into the EU project1 and 
has now, on the basis of laboratory tests and large-scale tests in road tunnels in 
Stockholm, arrived at a new method of testing. 
 
It is known that flame detectors react quickly to open flames, that smoke detectors react 
quickly to fuels that generate large quantities of smoke particles, and that gas detectors 
are sensitive ‘sniffers’.  Camera systems are quick to detect changes in patterns, e.g. 
stationary vehicles or smoke.  It is also recognized that detectors can struggle under 
certain conditions when conditions around them are not optimum.  Hidden flames, for 
example, mean that flame detectors could have a problem.  Smoke detectors can have 
difficulties in detecting smoke from alcohol-based liquids, such as burning methanol or 
ethanol.  Heat detectors are particularly sensitive to tunnel height, in combination with 
higher air velocities.  In conclusion there are many vulnerabilities embedded in relation to 
the characteristics of fires. 
 
The objective of the work was to develop a test method for a fire detection system with a 
fire source representative of an ordinary fire in a smaller vehicle.  Different types of fires 
were considered, with the choice finally falling on the use of varied quantities of ordinary 
liquid-based petroleum products. 
 
Tests were carried out at SP and in two tunnels in Stockholm: the Törnskogs tunnel, 
which is a road tunnel to the north of the city, and the Northern Link tunnel, which was 
recently opened for traffic. The Swedish Transport Administration had three questions: 
 

• What pan size is needed in order to create a 0.5 MW fire for various fuels?  
• What is the most suitable fuel to use with respect to smoke production and 

                                                      
1 As part of the work of the 2014 Trans-European Transport Network (TEN-T) 

programme. 
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thermal radiation, and  
• What is the effect on the heat release rate and smoke production of an air flow 

velocity of 6 m/s over the pan?  
 
Three flammable liquid fuels were used in the SP tests (heptane, diesel oil and 
commercial gasoline), five different sizes of pans and two air flow rates (0 m/s and 6 
m/s).  Based on the results of these tests, it was decided to continue the tests on the basis 
of diesel oil, gasoline and two sizes of pans.   
 
The first set of tests in the Törnskogs tunnel involved six tests with varying air velocities 
and fuels.  Linear detectors, flame detectors and spot smoke detectors were installed in 
the tunnel.  It was not possible to obtain data from the linear detectors, which sense heat 
by convection and radiation, and so the temperature rise in them was simulated through 
the use of a special designed linear angularly resolved thermometer (cable plate 
thermometers (CPT)), which senses both these quantities.  Heat release rates in the tests 
were varied between 0.3 MW and 1.35 MW, depending on the size of pan and the air 
velocity.  Both heat release rate and smoke production increased modestly as the air 
velocity was increased. 
 
Nine fire tests were carried out during the last group of tests in the Törnskog tunnel, 
investigating fires in freely exposed pans and pans underneath a steel mock-up with the 
shape of a vehicle wheel well.  Tests involving various solid materials as found in 
vehicles (plastics, electrical cables and rubber) were also carried out.  It was decided, 
after the tests in the tunnel, that any further experiments would use exposed gasoline fires 
in standard 0.6 m diameter circular pans.  These can easily be made, when required for 
testing fire detection systems in tunnels, by cutting 60 mm off the bottom of a standard 
200 litre steel drum (hereby called “standard pan”). 
 
The tests showed that flame detectors were quickly activated in all cases, as were the 
smoke detectors, fulfilling the requirement of response within 90 seconds to a 0.5 MW 
fire in a longitudinal air flow rate of 6 m/s.  However, the temperature rise in the cable 
plate thermometer indicated that one detector had not detected this fire.  To confirm this, 
final tests were carried out in the Northern Link tunnel, using varying numbers of 0.6 m 
gasoline-filled standard pans and three types of detector systems, together with cable 
plate thermometers. 
 
The Northern Link experiments were carried out at a tunnel section protected by linear 
and smoke detection systems, together with visual CCTV monitoring.  In addition, the 
test site was instrumented with cable plate thermometer and ordinary gas temperature 
sensors.  The performance specification for the Northern Link tunnel before it could be 
opened specified that the detection system must be activated within three minutes in 
response to a 3 MW fire and 2 m/s air flow velocity.  The ability of the system to detect a 
0.5 MW fire with an air flow velocity of 6 m/s within 90 seconds has also been 
investigated.  Changing the number of 0.6 m gasoline-filled standard pans from one to 
four enabled production of heat release rates between 0.5 MW and 3.6 MW.  A total of 16 
fire tests were performed, with the results showing that, in most cases, the camera and 
smoke detection systems responded to a 0.5 MW fire (one standard pan) within 
90 seconds.  The linear detectors (heat-sensing) reacted within 90 seconds to a heat 
release rate of about 2-2.5 MW, which was equivalent to that from three standard pans. 
 
A suitable method of testing the performance of flame, smoke, linear and visual fire 
detection systems in road tunnels requires the use of three 0.6 m diameter standard pans, 
each containing eight litres of 95 octane gasoline, and air flow velocities of 2 m/s and 
6 m/s.  One pan is sufficient if early warning is required without defining the position of 
the deluge zone activated by the fixed fire-fighting system. 
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1 Introduction 
 
The Swedish Transport Administration plans to construct a new highway connection 
through the western part of Stockholm entitled 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. 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 will be a risk of congestion in the tunnels but this may lead to a heightened risk 
of fire.  
 
Detection of a tunnel fire is usually a challenging task. The detection systems installed 
can vary in type and performance. The fire growth and size is not the only parameter to 
consider, but also tunnel height and width as well as flow conditions.  There has not been 
any standardized test method for detection systems in road tunnels available. The 
Swedish Transport Administration  is therefore interested to develop a test method that 
will be applicable for the most common types of detection systems for road tunnels.  
 
The Swedish Transport Administration  has earlier tested different detection systems in 
order to investigate if these technologies work in circumstances such as in Swedish road 
tunnels. Depending on environmental conditions the  more heavily trafficked road tunnels 
has high air velocity and high amount of dust, salt and particles. It was proven that the 
tested detection system works in these harsh conditions. However, these tests were not 
systematically performed or documented. They were more or less an attempt to 
understand the importance of different parameters including detection time and 
maintenance period. The results varied which lead to some further questions. Swedish 
Transport Administration  formulated some initial questions that needed to be considered 
in the planning of the tests presented in this report: 

• How large in square meters is a 0.5 MW pool fire? 
• What is the best liquid fuel to use? 
• How does the heat release rate between using no wind in the tunnel and 6 

m/svary? 
 
In order to perform the test series necessary to answer the questions raised by the Swedish 
Transport Administration, both laboratory tests and large-scale tunnel tests were 
performed. These tests are presented in chapter 6. The large-scale tests were carried out 
during two different occasions, where the second time many of the tests from the first 
tests was repeated in order to establish a good reliability in the results.  
 
Before performing the tests, it was found necessary to perform a literature study and a 
description of different technical systems in order to put the performance into the context 
of the goal set up by Swedish Transport Administration . This is presented in chapter 3 
and 4, respectively. Further, it was decided to analyze those fire tests that were carried out 
earlier, both with detection systems and fire growths and heat release rates in tunnel fires, 
see chapter 5. 
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2 Background 
 
The most extensive research work on fire detection in road tunnels was carried out in 
North America on detection in tunnels during 2006 – 2008 [1-7]. There were numerous 
laboratory tests and large-scale fire tests in tunnels performed using different types of 
detection technologies. To date this is the most comprehensive and detailed investigation 
carried out. Other important tunnel fire tests using detection systems are found in 
references [8-11]. There are no proposal for standardized method to test a detection 
system in a tunnel given in these earlier works, although Liu et.al indicate that the NFPA 
Technical Committee responsible for Standard 502, Standard for Road Tunnels, Bridges, 
and Other Limited Access Highways [12], will be considering this information in the 
further development of the standard [7].  
 
The work presented here considers the results from these studies, but focus is on the 
future needs defined for tunnels in Sweden. The Swedish Transport Administration  has 
installed several detection systems in different tunnels in Sweden. There is a requirement 
used within Swedish Transport Administration  to detect a 3 MW fire within 3 minutes 
(180 seconds) in a longitudinal velocity of 3 m/s. These requirements are considered 
robust and needs to be adjusted to queues with stand still vehicles. In case of fire there is 
a need for quick response of the detection system in order to prevent further fire spread.  
 
In preparation for the construction of the Stockholm bypass project, the Swedish 
Transport Administration  wanted to investigate a possibility to set new requirements and 
develop a simple, repeatable and realistic test method for detection systems in road 
tunnels. The new requirement was that the systems should be able to detect a 0.5 MW fire 
within a time period of 90 seconds. In order to investigate this possibility to detect road 
tunnel fires, a test program both in laboratory and real scale tunnels was performed. In the 
following the results from the tests are presented.  
 
There is a need to put this into a context of existing level of knowledge and information 
available. Therefore, an analysis on previous tunnel fires in road tunnels and future 
prognosis on traffic is presented. The purpose is to provide decision support for 
requirements and test methods for detection systems in road tunnels. Then a description 
of different detection systems are given, followed by a short summary of research and 
testing carried out within this field. Finally, the tests carried out within the project are 
presented and a method proposed. 
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3 Analysis of vehicle fires 
 
In all cases where fires have led to catastrophic fires with numerous casualties larger road 
vehicles were involved. A crucial factor is whether the fire spread to nearby vehicles or 
not. From 1999 onwards there has been an average of one major fire a year in the world 
where people perished. The majority of the fires occur in single vehicles often with quite 
slow fire growth (70 %), in 5 % of the cases the fire spread to an adjacent vehicle. In case 
of the single fire situation most of the fires started in the engine compartment or due to 
brakes overheating (concealed fires). In all cases where fire spread occurred or in 
situations with causalities, heavy goods vehicles were involved [13]. 
 
Experiments show that the maximum HRR (heat release rate) for single passenger car can 
vary from 1.5 MW to 8 MW, where the majority is lower than 5 MW.  These tests have 
been carried out in car parks and tunnels. In case of multiple passenger cars the variation 
in maximum HRR for 2 passenger cars is 5.6 – 10 MW (excluded one test with 1.7 MW), 
and for 3 cars it varies from 7 – 16 MW. The vast majority of the tests show maximum 
heat release rates less than 10 MW, but many of these test where performed with very 
little longitudinal ventilation. Ventilation may increase the heat release rate peak and 
growth. The effects of the ventilation rate on the fire growth rate is described in chapter 6 
in Ingason et.al [14]. It shows that the fire growth rate is influencing the fire growth rate 
considerably and need to be considered when testing detection systems.  The times to 
peak heat release varies between 8 and 54 minutes for single passenger cars. In many of 
these tests, the maximum occurs very late depending on how the windows brakes and 
what ventilation conditions (direct access to air) are dominating. Very few bus tests have 
been carried out. The bus fires available vary from 25 – 30 MW (3 tests) and with Heavy 
Goods Vehicles (HGV) fire load the variation is from 13 MW to 202 MW [15].  
 
More tunnels are built and planned which means more traffic in tunnels in near future. 
The knowledge and the awareness about tunnel fires have and will most likely continue to 
increase.  Today new car designs, mainly regarding fuel, can affect the fire development 
and future guidelines, but there is a considerable uncertainty since these vehicles has not 
yet been subjected to full scale fire tests. However, a fast detection of concealed fires 
(engine compartments and brake areas) will improve the general situation. 
 
The capacity of the emergency responders in tunnel fire situations has been analysed [16]. 
Also the European view on FFFS (Fixed Fire Fighting Systems) has changed and FFFS 
are planned to be installed in many road tunnels [17], which was not that common 10-20 
years ago in Europe. However, these systems have been installed in road tunnels in Japan 
since the 60´s.  
 
As a part of the present project, an analysis of the risk with dangerous goods transporting 
water reactive chemicals was carried out within the frame of the EU project. The reason 
was to find out if alternative fire protection may be required for incidents involving such 
goods.  Several water reactive chemicals were identified, but this subject will not be 
focused on here as it was found that one could expect that there will be plenty of other 
water in the tunnel environments that will come in direct contact with the water-reactive 
chemicals. The chemical reactions will in that case occur momentarily and no detection 
system can prevent that type of incident. Of course specialized gas system could be used 
to detect such incidents. The positive finding is that further application of water from a 
FFFS will mainly cool any exothermic reactions including fire and not worsen the 
situation [18]. 
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A level of fire protection (acceptable risk) is often given in building codes. These are 
often the minimum requirements and in many tunnels there are special requirements in 
order to minimize the risk for traffic disruptions. A fire scenario is a situation where not 
only the fire is described but also the evacuation situation and the fire protection systems. 
The consequence of these scenarios should be analysed in relation to the fire protection 
level. If there is no Fixed Fire Fighting System (FFFS), e.g. water based extinguishing 
deluge systems, the heat release rate at the time when the fire brigade reaches the fire is 
crucial to determine the consequence and if the situation is acceptable for the evacuees.  
As a consequence, in Europe, the building codes and the view on fire safety design 
changes from prescriptive design to a performance-based perspective [17].   
 
To minimise the consequences, a fire detection system should be able to give a quick 
response at a low heat release rate. Most of the fires that have occurred are small but they 
can cause large traffic disruptions or grow to large fires. They are often concealed fires 
such as engine fires and fires due to brake malfunctions. Based on the fire scenarios, if a 
fast response is preferable, a detection system should be able to detect a 0.5 MW fire. The 
fire source should reflect a real situation (the fire scenarios). A concealed pool fire, and/ 
or burning material with a soot content representing a tire, is recommended. 
 
There are other parameters that need to be considered.  In Lönnermark [19] new energy 
carriers for vehicles and the effect on tunnel fires are discussed. In Sweden, the number of 
cars classified as green cars increased from 100 000 vehicles to 500 000 vehicles in less 
than four years (January 2008-November 2011). A green car is powered by green fuels 
such as electricity, ethanol, biogas or other renewable fuels. But a green car can also be a 
very efficient gasoline or diesel car. Out of these 500,000 green vehicles, about 300 000 
vehicles were classified as electricity/gas/hybrid cars [20]. This could suggest that the 
future of passenger car design with respect to fuel and, in some cases flammable 
materials, can change. Larger vehicles such as gas powered buses will become more 
common in the future. There are examples of fires in gas powered buses where the 
designs of safety systems in gas tanks show potential for improvement. The existence of 
new energy carrier vehicles in the future should be considered in relation to future active 
fire protection systems, among those detection systems. The focus of this project has 
although been only on ordinary vehicles.  
 
Analysis of vehicle fires and testing data shows that heat release rates can reach 20 MW 
in a few minutes. Based on this data following frame of plausible fire scenarios could be 
drawn: 
 

1. A small slow growing passenger car fire (HRRmax =  0.5 MW) 
2. A fast growing passenger car (HRRmax =  4 MW) 
3. A collision involving two passenger cars (HRRmax =  8 MW) 
4. A fast bus fire (HRRmax =  30 MW) 
5. A HGV fire (HRRmax =  100 MW) 

 
In terms of growth rate i.e. how quickly the fires developed there is a large spread and 
therefore difficult to predict. The maximum heat release rate often is reached within a few 
minutes. Without fire mitigation the consequences from the above described scenarios 
could be: 
 

• Case 1, the 0.5 MW fire is created due to traffic congestion (risk for collision 
resulting in fire) but probably not any casualties and no or minor damage on the 
construction 

• Case 2-3, 4-8 MW will cause traffic arrest, might cause injuries from smoke, 
close to and downstream the fire the visibility will be affected, and the 
construction will also be affected from the heat 
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• Case 4 and 5 will probably cause injuries or even causalities and large 
construction damages 

 
With fire mitigation measures such as detection systems, alarm systems and FFFS the 
outcome will be different. A crucial factor for the fire development and the consequence 
is whether the fire brigade can perform an effective rescue operation or not corresponding 
to a heat release rate less than 30 MW [21]. 
 
To reduce the consequence a fast detection is required. From a worst case scenario a fire 
could develop to 30 MW within 3 minutes. This means that the fire brigade will have 
difficulties reaching the fire, but with a fast detection system and a FFFS or a case where 
the fire brigade can reach the fire the outcome of the scenarios will be different. In a case 
with a fast detection system and a fast response from the fire brigade (within 10 minutes) 
the cases could be described as: 
 

• Case1, the 0.5 MW fire is due to traffic congestion but probably not any 
casualties and no or minor damage on the construction 

• Case 2-3, (4-8MW) fire will cause a shorter traffic arrest compared with the case 
without the fire brigade. There might be visibility problems but in a lesser degree 
compared to a case without a firefighting situation, the fire might not reach the 
maximum potential level 

• Case 4, could be difficult to handle if the fire reaches 30 MW within 10 minutes. 
But when the fire decreases in intensity, the fire brigade can reach the fire and 
less traffic arrest and the damages on the construction will be confined 

• In case 5 the consequences of the fire will be confined by the fire brigade. There 
will be large traffic arrests, construction damages, visibility problems and injuries 
due smoke inhalation but to a lesser degree compared with a case without the fire 
brigade. 
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4 Description of different detection systems 
 
Detection systems are sensitive to different physical indicators or fire prints. In most 
cases an automatic fire detection system is designed to detect presence of fire by 
monitoring environmental changes associated with combustion. This is related to 
generation of heat, combustion gases, particles or aerosols and/or flames (radiation). Fire 
may also be detected by its sound or visual monitoring techniques from surveillance 
cameras. Gases, aerosols and temperature rise upwards with the smoke from the fire 
origin with a few meters per second. Obstructions or long transportation distances may 
result in late detection. Sound travels faster, but radiation travels with speed of light 
although flame detectors are sensitive to obstruction through objects. Flame radiation 
may also be obstructed by thick smoke. A short summary of current fire detection 
technologies is provided in the following section. They are categorized in accordance to 
the main technology used for activating the systems.     
 
 
4.1 Heat detection 

 
A heat detector is designed to respond when the convected thermal energy of a fire 
increases the temperature of a heat sensitive element inside the detector. The thermal 
mass and conductivity of the element influences the temperature increase of the element. 
All heat detector systems have a thermal time lag between the outer temperature and the 
temperature of the sensitive element. Heat detectors have two main classifications of 
operation; “fixed temperature” and “rate-of-rise”. However, some heat detectors are 
capable of detecting both a fixed temperature and a rate of temperature rise. 
 
4.1.1 Spot heat detectors 
 
Fixed temperature heat detectors are the most common type of spot heat detector. They 
operate when the heat sensitive eutectic alloy reaches the eutectic point changing state 
from a solid to a liquid.  Thermal lag delays the accumulation of heat at the sensitive 
element so that a fixed-temperature device will reach its operating temperature sometime 
after the surrounding air temperature exceeds that temperature. The most common fixed 
temperature point for electrically connected heat detectors is 58°C. 
 
Rate-of-rise heat detectors operate on a rapid rise in element temperature, typically 
between 7°C to 8.3°C increase per minute, irrespective of the starting temperature. This 
type of heat detector can detect a fire earlier at a low temperature conditions than what 
would be possible if the threshold were fixed. It has two heat-sensitive thermocouples or 
thermistors. One thermocouple monitors heat transferred by convection or radiation. The 
other responds to ambient temperature and the detector responds when one temperature 
increases relative to the other. 
 
4.1.2 Linear (line-type) heat detection 
 
There are several types of line-type heat detectors (LHD), the three main types are analog 
(or integrating), digital and fiber optic. There are four types of LHD systems used in 
tunnels, i.e. electrical cable, optical fiber, thermocouple and pneumatic heat detection 
systems. Among these systems, the fiber optic heat detection is the most widely used 
LHD system in tunnels. LHD have been used in road tunnels for fire detection for 
approximately 40 years. LHD could detect fire by fixed temperature value or by rate-of-
rise.  

http://en.wikipedia.org/wiki/Fire
http://en.wikipedia.org/wiki/Combustion
http://en.wikipedia.org/wiki/Thermal_lag
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• Analog (or Integrating) LHD systems incorporate a multilayer cable. A core 

conductor is covered by a temperature-sensitive semiconductor with an outer 
conductor. A temperature rise in the cable causes a reduction in the conductor’s 
resistance and detection occurs when the monitored resistance reaches a 
predetermined setting. 

 
• Digital LHD systems consist of two polymer insulated conductors. The insulation 

melts at a set temperature. Detection in this system occurs when the insulation 
melts, which allows the conductors to make contact with each other. In some 
systems, the control panel connected to the sensing element is able to determine 
the distance where the conductors made contact and determine the location of the 
shortcut. 

 
• Fiber optic LHD systems consist of a control panel and quartz optical fibers. The 

optical fiber cable detects deformation due to exposure to heat through a change 
in light transmission or a change in back scattering. The control unit houses a 
laser that sends a beam through the fiber optic cable. These systems provide 
detection using the Raman Effect, which senses temperature changes by 
evaluating the amount of light scattered. Some systems may detect fire if the 
temperature exceeds of a defined maximum temperature, if the temperature 
exceeds a defined maximum variance from the average zone temperature and/or 
if the temperature exceeds a defined maximum temperature rise.  

 
• Pneumatic heat detection systems.  These systems detect the pressure rise, 

produced by heat from a fire, due to gas expansion inside a thin stainless steel 
tube. The tube is open to the atmosphere at one end and connected to a detector at 
the other end. These type systems are not able to localize the specific position of 
the fire other than that the fire is within the zone covered by the tube.  

 
One of the main benefits with LHD systems is that they are suitable for harsh 
environments. There is also flexibility in the installation, arrangements which can be used 
to meet spacing requirements and the cable can be routed around obstructions. Several of 
the products in the market can determine the approximate location of the fire along the 
length of the cable. Some manufacturers of these systems also promote the longevity of 
their systems; with a useful system life of approximately 30 years. 
 
4.2 Smoke detection 

 
Smoke detection detects smoke particles either by light extinction sensors, light scattering 
sensors or ionization attenuation sensors. A light extinction smoke detector detects smoke 
flows by measuring light extinction. A light scattering smoke detector detects fire by 
measuring light signals caused by light scattering due to smoke particles. An ionization 
smoke detector uses a radioisotope to produce ionization and the difference over a certain 
level caused by smoke can be detected, however, it has been found that it is not sensitive 
to smouldering fires.  
 
4.2.1 Spot smoke detectors 
 
Smoke detectors are typically housed in a disc-shaped plastic enclosure about 100 mm in 
diameter and 25 mm thick. Most smoke detectors work either by optical detection 
(photoelectric) or by physical process (ionization), while others use both detection 
methods to increase sensitivity to smoke. 
 

http://en.wikipedia.org/wiki/Photodiode
http://en.wikipedia.org/wiki/Ionization
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4.2.2 Air-sampling smoke detectors 
 
Most air-sampling detectors are aspirating smoke detectors, which work by actively 
drawing air through a network of small-bore pipes covering a protected area. Small holes 
drilled into each pipe form a matrix of holes (sampling points), providing an even 
distribution across the pipe network. Air samples are drawn past a sensitive optical 
device, often a solid-state laser, tuned to detect the extremely small particles of 
combustion. Most air-sampling smoke detection systems are capable of a higher 
sensitivity than spot type smoke detectors and provide multiple levels of alarm threshold. 
Thresholds may be set at levels across a wide range of smoke levels. This provides earlier 
notification of a developing fire than spot type smoke detection, before a fire has 
developed beyond the smouldering stage. 
 
4.3 Flame detectors 

 
The flame detectors sense the electromagnetic radiation and are designed to differentiate 
the flame radiation from the other sources of radiation. The flame detectors’ detected 
wavelengths could be in the ultraviolet, visible or infrared portions of the spectrum. The 
false alarms due to sunlight, lighting system in the tunnel and the light from the car needs 
to be avoided. These systems typically work well indoors and are suited for harsh 
environments such as those found in tunnels. Some of the more challenging fires in road 
tunnels involve combustible and flammable liquid and flame detectors are well-suited for 
detecting these types of fires. As with many of other systems, detection can be delayed 
for shielded fires. 
 
4.4 Visual Image fire detection (VID) 

 
The Visual Image flame and/or smoke detection digitizes the video images from cameras 
and use computer software to identify the flame or smoke. The algorithms used could be 
very complicated in order to distinguish the flame and/or smoke from the other sources 
such as light and dust.  
 
4.5 CCTV monitor 

 
The CCTV monitor has been used in many tunnels mainly for traffic control but it can 
also be used for monitoring fire accident and triggering alarm manually.   
 
4.6 CO2 and CO sensing fire detectors 

 
Some smoke alarms use a carbon dioxide sensor or carbon monoxide sensor to detect 
dangerous products of combustion. CO2 and CO sensors have been widely used in many 
tunnels for controlling air quality inside the tunnel under normal ventilation. Although 
they are not designed for fire detection, they could be used as an assistant system for fire 
detection. 
 
4.7 Manual detection 

 
The fire could also be detected immediately by a driver or passenger, who could either 
push the fire alarm button inside the tunnel or communicate with tunnel management or 
fire brigade for fire alarm.  
  

http://en.wikipedia.org/wiki/Aspirating_smoke_detector
http://en.wikipedia.org/wiki/Carbon_dioxide_sensor
http://en.wikipedia.org/wiki/Carbon_monoxide_sensor
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5 Research on detection systems 
 
The Fire Protection Research Foundation study [1-7] carried out during the years of 2003 
– 2008 is the most comprehensive and systematic research carried out on fire detection in 
tunnels. The study was initiated in 1999, at the request of the Boston Fire Department and 
the Port Authority of New York and New Jersey. Phase I of the project was a review of 
the international literature on the topic; the Phase I report was published in 2003 [22]. 
This report identified the needed scope of a research program. The Phase II of the project 
was initiated in 2005 and included seven distinct tasks, including modeling and full scale 
testing. This phase was carried out 2006 – 2008 by the National Research Council of 
Canada and Hughes Associates, Inc. in the USA. There were numerous laboratory tests 
and large-scale fire tests in tunnels performed using different types of detection 
technologies. To date this is the most comprehensive, systematic and detailed 
investigation carried out. The main findings from these tests are found in the summary 
report from the Phase II of the program [7]:  
 
The LHD systems responded well to the fire scenarios based on rate of temperature rise. 
Longitudinal airflow in the tunnel delayed the response time for these systems. The fibre-
optic based LHD system could also determine the fire location. The hot spot system at the 
ceiling could be shifted downstream in windy conditions and the actual fire location could 
be up shifted by 10 m from the location indicated. By using rate of temperature rise these 
systems responded to relatively small temperature increases.   
 
Laboratory tunnel tests were first conducted using a flame detector set at high sensitivity. 
Later the sensitivity of the system was adjusted to medium sensitivity due to the 
environmental tests in the Lincoln Tunnel in New York. This sensitivity was used in the 
large-scale Carré-Viger tunnel tests (see next section for details). The flame detector 
could detect small open fires within its detection range of 30 m but had difficulty 
detecting fires located under a vehicle, behind a vehicle or inside a vehicle. The response 
times were increased under longitudinal airflow due to tilted  flames behind obstacles. 
Most manufacturers, however, recommend two detectors covering the same area from 
different angles. 
  
Three types of VID systems showed a variation in the performance. In the laboratory 
tunnel tests with minimal airflow, two of the systems detected a fire based on flame 
characteristics and the third one used both flame and smoke characteristics. In the large-
scale Carré-Viger Tunnel tests one of the flame based systems was converted to a flame 
and smoke system. All the VID systems were able to detect small open fires within their 
detection range of 60 m. Those systems that relied on flame characteristics only had 
difficulty detecting hidden fires. The VID that used both flame and smoke characteristics 
had better response for these fire scenarios. The two detectors that used both flame and 
smoke characteristics were either not affected with increased airflow in the tunnel or the 
response time improved.   
 
Spot heat detectors were used only in the laboratory tunnel tests under minimal airflow 
and with longitudinal airflow. Under minimal airflow conditions, the detectors were not 
able to detect small fires. They only responded to fires of 1.5 MW or larger. Longitudinal 
airflow in the tunnel delayed the response time even further for these systems in most 
scenarios.   
 
An air sampling smoke detection system was included in the laboratory tunnel. The 
system was able to detect all the fires in the laboratory tunnel except those using a 
propane burner (low smoke production). The longitudinal airflow affected the response of 
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the smoke detection system. For the scenarios with pool fires behind a simulated vehicle 
and large pool fires located under a simulated vehicle, the response time decreased as the 
amount of smoke produced increased with airflow in the tunnel. Based on overall 
performance, the air sampling detection system performed well. The linear heat detection 
systems were also able to detect the fires for most scenarios. The VID systems that 
included detection based on both flame and smoke characteristics had better performance 
in terms of detecting a fire. The spot heat detection systems were not able to detect small 
fires (< 1.5 MW). 
 
5.1 Large-scale tunnel tests  

 
A summary of large-scale fire detection tests in tunnels is presented in Table 1 in Ingason 
et. al. [14]. Most of the tests were focusing on LHD systems. Only three large-scale 
detection tests can be regarded as well documented test series, namely the 2nd Benelux 
tunnel fire detection tests in 2000/2001, the Runehamar tunnel fire detection tests in 2007 
and the Viger tunnel fire detection tests in 2007 are discussed in detail in the following.   
 
5.1.1 2nd Benelux tunnel fire detection tests – 2000/2001 
 
During 2000 to 2001, 13 tests were carried out in the 2nd Benelux tunnel consisting of 8 
small fires and 5 larger fires (3 pool fires, 1 van fire, and 1 simulated truck load fire with 
wood pallets). Three different line type heat detection systems were used placed both 
close to the wall and around 3.5 m from one wall. One of the detection systems consisted 
of a glass fiber detector cable and the other two were electronic sensors on regular 
distances of several meters. Three different fire source locations were tested. The 
ventilation velocity varies from 0 to 5 m/s. The sizes of the pools used in the tests varied 
from 0.5 m2 to around 2 m2.  
 
The maximum temperature measured by the systems were for each test in the same range 
of within 20 - 30 oC, however, the detection location differed more than 20 m in some 
tests with high air velocities. The difference between the detection location and the fire 
location should be mainly due to the effect of ventilation, and partly due to the placement 
between the fire location and the detection, and the measurement error of the line type 
heat detectors.  
 
5.1.2 Runehamar tunnel fire detection tests – 2007 
 
A total of 8 tests were carried out to investigate the performance of different line-type 
heat detection and smoke detection in the Runehamar tunnel in 2007. In seven of the 
tests, the fire sources were a square heptane pool with a side length of 0.4 m to 1 m and in 
one test the fire source was a real car. For the line-type heat detection, a rate of 
temperature rise limit was set to 3 oC in 4 min, while for smoke detectors, the soot or dust 
density was generally greater than 3000 µg/m3. The smoke detectors were placed 62.5 m 
and 125 m downstream of the fire source.  
 
The results showed that for heptane pool fires the heat detection worked very well but not 
for the car fire test. The smoke and dust detectors worked well in the car fire test but not 
as good as the heat detection for pool fires. It was concluded that the airflow increase the 
detection time for heat detection systems and decrease the detection time for smoke 
detection. However, this conclusion could be questionable. Note that the pool fires results 
in a rapid increase in temperature at the early stage, and thus could not be representative 
of typical vehicle fires.  
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In such cases, using the temperature increase rate as the criteria for fire detection could 
not be comparative to the smoke detection. Further, the better performance of smoke 
detection in case of a car fire is mostly attributed to the slowly growing fire which cannot 
trigger the rate-of-rise heat detection. It can be seen that the smoke detectors tested are 
more sensitive compared to the heat detection. However, the disadvantages of smoke 
detectors are the long delay of measurement due to smoke transportation, tube suction 
and measurement in the collector, and the disability in determining the exact fire location 
for fire suppression system, evacuation, or fire fighting. In case of a fast growing fire the 
heat detection can be expected to perform better.  
 
5.1.3 Viger tunnel fire detection tests– 2007 
 
In 2007, nine tests were carried out in Tube A of Carré-Viger Tunnel located in 
downtown Montreal in Canada. The section of the tunnel used in the tests was 400 m 
long, 5 m high and 16.8 m wide (4 traffic lanes). Six fire detection systems were 
evaluated in the test series, including two linear heat detection systems, one optical flame 
detector, and three video image detection (VID) systems. Two linear heat detection 
systems were installed in the ceiling of the tunnel.  
 
Gasoline was used as fuels in all the tests. The fire scenarios used in the tests included a 
small gasoline pool fire (0.09 m2), a gasoline pool fire (0.36 m2) located underneath a 
simulated vehicle, and a gasoline pool fire (0.36 m2) located behind a large simulated 
vehicle. The fire sizes were varied from 125 kW to 650 kW as measured using a 
calorimeter. Four tests were conducted with a small gasoline pool fire (0.09 m2) at 
different locations in the tunnel. The maximum heat release rate produced by these fires 
was approximately 125 kW.  
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Table 1 Summary of fire detection tests in tunnels carried out worldwide [14]. 

Year Tunnel Country Type of 
detection 

Fire 
source HRR 

Ventilation 
velocity 

uo 
     (MW) (m/s) 

1992 Mositunnel Switzerland 

Line type 
heat 
detector, 
spot heat 
detector, 
and smoke 
detectors 

Pool fire 
0.5 - 4 m2.   

1999 
Schonberg 
and Gubrist 
tunnel 

Switzerland 

Line type 
heat 
detector 
(fiber 
optic) 

gasoline   

1999 
Colli Berici 
unused 
tunnel 

Italy 
Line type 
heat 
detector 

   

1999 CSIRO   Australia 
Line type 
heat 
detector 

 1.36  

2000 Hagerbach 
model tunnel Switzerland  

Gasoline 
0.25-
0.75m2 

0.42-1 0.75-2.8 

2000 Felbertauern 
Tunnel Switzerland  

Diesel 2 
m2, 3m2 
and 
ethanol l 
m2. 

 3.5-11.0 

2000 Boemlafjord 
tunnel Finland    3 

2001 Shimizu 
tunnel Japan  

Gasoline, 
car, 1 - 9 
m2 

 2-3 

2001 2nd Benelux Netherlands 
Line type 
heat 
detector 

Gasoline, 
van, 
simulated 
truck 

1-25 0-5 

2007 Runehamar Norway 

Line type 
heat, 
smoke 
detector 

Pool, car 0.2-3 1.1-1.8 

2007 Viger tunnel Canada 

Line type 
heat, flame 
detector 
and Visual 
Image fire 
detection 
 

Gasoline 
pool, 0.09 
-0.36 m2 

0.125-
0.65 0-2.5 
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6 Description of experimental set-up 
 
Prior to the test program presented in this report, the Swedish Transport Administration  
had already performed some preliminary tests with diesel and gasoline liquid fuel and 
different types of pans. The liquid was poured into a steel pan and subsequently ignited to 
see how large the fire needed to be in order to activate different detection systems. The 
fire was exposed to different air velocities by controlling longitudinal jet fans in the 
ceiling.  During the tests, it was noticed that the heat release rate and smoke production 
seemed to be lowered when the fire was exposed to a lateral wind.  
 
The test program presented in the following consisted of laboratory tests and full scale 
tests in real tunnels. A list of all performed tests, dates etc. are given in Table 2.  
 
Table 2 The list of experiments carried out within the tests program for this EU project. 
Identific-
ation of 
test 
program 

Dates Test 
location 

Numb
er of 
tests 

Type of tests Fuel used Type of 
detection 
system 

Laboratory 
tests 

Oct, 17-18, 
2013 

SP fire 
test 
laboratory 

16 Calorimeter 
tests, open 
pool fires 

Diesel, 
gasoline, 
heptane 

- 

Test  
series I 

Nov, 21st, 
2013 

Törnskog
s-tunnel 

6 Longitudinal 
ventilation, 
open pool 
fires 

Gasoline, 
heptane 

Flame, 
smoke, 
linear 
heat 
detector 
(LHD) 

Test  
series II 

April, 9-10, 
2014 

Törnskog
s-tunnel 

9 Longitudinal 
ventilation, 
open pool 
fires, 
shielded fires 

Gasoline, 
heptane, 
PUR/PE, 
combustible 
car engine 
components 

Flame, 
smoke, 
LHD 

Northern 
Link 

Sep, 16-17, 
2014 

Northern 
Link 
tunnel 

16 Longitudinal 
ventilation, 
open pool 
fires 

Gasoline CCTV, 
smoke, 
LHD 

 
In the following a detailed description is given of these tests. 
 
6.1 Laboratory tests at SP Fire Research 

 
Prior to the laboratory tests, calculations were made in order to estimate pan size for a 0.5 
MW fire (or more). The initial assumption, based on the Swedish Transport 
Administration  tests mentioned above, was that the heat release rate would decrease 
when the wind speed was increased and the pans were therefore designed to produce a 
slightly higher effect than 0.5 MW at no wind. To get as much wind effect at the fuel 
surface as possible and to reduce the rim effect, the rim was set to merely 0.04 m for all 
the liquid pan fires. 
 
The setup is shown in Figure 1, consisting of a pool in various sizes, insulation, a wooden 
pallet and beams for weighing. The tests were carried out under an industrial calorimeter 
to measure the heat release rate. The pan was filled with the combustible liquid and as the 
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fuel was burning, the heat release rate and the weight loss was measured. After the test, 
the mass loss rate could be associated with the heat release rate in order to later be able to 
estimate the heat release rate when exposed to wind. This was necessary as it was not 
possible to measure heat release rates under the industry calorimeter when exposed to 
lateral wind.  
 
  

 
Figure 1 Test setup under the industrial calorimeter (the calorimeter is the hood 

above the fire source).  
 
In order to create the lateral wind conditions above the pan, a fan was places in front of a 
3 m long tunnel with a cross section of 2,4×2,4 m2, see Figure 2 The tunnel was used to 
make sure that the pan surface was exposed to a uniform lateral flow. The wind speed at 
the fuel surface was set to be as close as possible to 6 m/s. 
 
 

6 m/s

 
 
Figure 2 Test setup with wind. 
 
Several tests were made in the laboratory facilities at SP Fire Research. In Table 3 a 
summary of the tests carried out is given. 
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Table 3 Test plan from the lab tests. 

Test 
Pool dimensions 
(m × m) Fuel Wind (m/s) 

1 0.67×0.67 Diesel 0 
2 π ×(0.2875)2 Diesel 0 
3 0.67×0.67 Diesel 0 
4 π×(0.2875)2 Gasoline 0 
5 0.67×0.67 Diesel 0 
6 0.8×0.8 Diesel 0 
7 π×(0.2875)2 Heptane 0 
8 π×(0.2875)2 Heptane 6 
9 π×(0.2875)2 Diesel 6 

10 π×(0.2875)2 Gasoline 6 
11 0.25×0.25 Heptane 6 
12 0.25×0.25 Gasoline 6 
13 0.25×0.25 Diesel 6 
14 0.35×0.35 Heptane 6 
15 0.35×0.35 Gasoline 6 
16 0.35×0.35 Diesel 6 

 
 
6.2 Large-scale test series in Törnskogstunneln, 

Sollentuna Stockholm  
 
The large-scale tests were performed in a road tunnel (Törnskogstunneln), which is in 
operation north of  Stockholm. The large-scale test series were carried out at two different 
occasions. The first test series (I) was carried out in November 2013. The second test 
series (II), which was performed in April 2014, included repetition of the first six tests in 
test series I, with some additional tests with concealed fires and fires with solid fuels.  
The tunnel was closed for traffic night-time while performing the tests. In the tunnel, 
several different detection systems were installed by the different manufacturers. 
 
The setup in the tunnel was similar to the one used in the laboratory tests at SP Fire 
Research. The pan weight loss was measured during the test and two regular 
thermocouples and two cable plate thermometers (CPT) [23] were used for temperature 
measurements. A CPT is a plate thermometer that measures the thermal exposure for a 
cable and it measures the temperature from a number of different directions. The CPT 
used in these tunnel tests was designed to simulate a fire detection cable, which has a 
diameter of 4 mm. Since the cable was very thin, only 4 thermocouples could be used 
(see Figure 3).  The other detection systems consisted of two types of flame detectors (F  
and H) and smoke detectors (S).   
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T2

T1T4

T3

 
Figure 3 A schematic picture of the cross section of the CPT. The thermocouples are 

welded on a steel plate at four different locations. The circular material in 
the centre was made of insulated material as support to the construction. 
The fire was below T1 and T4, and on the right side of T1 and T2. The 
average values of T1-T4 were used.  

 
The CPT was placed adjacent to the LHD to obtain similar heat exposure for both objects. 
One CPT was placed as close as possible to the fire and another 5 m downstream. 
Ordinary welded 0.5 mm K-type thermocouples were used to measure the ceiling 
temperatures. One centered over the fire and one located 5 m downstream, in accordance 
with Figure 4. 
 

Cable plate thermometer 
(CPT)

Thermocouple

5 
m

 
Figure 4 Test setup in the tunnel for temperature measurements above the fire and 5 

m downstream. 
 
The placement of the detectors can be found in Figure 5.   

 
Figure 5  Placement of smoke and flame detectors upstream and downstream the fire (F 

and H are flame detectors, and  S is smoke detector).  
 
  



25 

 

 
6.2.1 Test series I 
 
In Table 4 a summary of the tests carried out in the first large-scale test series are given.  
 
Table 4 Tests performed in the test series I. 

Test 

Pool 
dimensions 
(m×m) Fuel Wind (m/s) 

1 0.35×0.35 Gasoline 6 
2 0.35×0.35 Heptane 6 
3 π× (0.2875)2 Gasoline 6 
4 0.35×0.35 Gasoline 3.5 
5 0.35×0.35 Gasoline 2.7 
6 π × (0.25)2 Gasoline 6 (high rim) 

 
 
6.2.2 Test series II 
 
In Table 5 a test plan for the second large-scale test series is given.  
 
Table 5 Tests performed in the test series II. 

Test 

Pool 
dimensions 
(m×m) Fuel Wind (m/s) 

1 0.35×0.35 Gasoline 6 
2 0.35×0.35 Heptane 6 
3 π × (0.2875)2 Gasoline 6 
4 0.35×0.35 Gasoline 3.5 
5 0.35×0.35 Gasoline 2.7 
6 π × (0.25)2 Gasoline 6 (high rim) 

7 0.35×0.35 
Gasoline 
(Covered)  6 

8 - 

Combustible 
car engine 
components 
(covered) 6 

9 - 
PUR/PE 
(covered) 6 

In test 1, 2, 4, 5 and 7 a square pan with the area 0.35×0.35 m2 was used as a container for 
the liquid fuel. In test 3 and 6 circular pans with radius 0.29 m and 0.25 m respectively 
was used. The rim height was 4 cm in test 1-5 and it was filled with 3 cm fuel which 
means that 1 cm remained between the fuel surface and the edge of the rim. In test 6 the 
rim height was 10 cm with 3 cm fuel which means that the distance between the fuel 
surface and the rim was 7 cm. The pan weight loss was measured during the test and two 
regular thermocouples and two cable plate thermometers (CPT) were used for 
temperature measurements. In Figure 6 - Figure 9, the test setup for the different tests are 
shown. 



26 

 

 
Figure 6  Test setup for Test 1-6 (here Test 1 at ignition). 
 

 
Figure 7  Setup of test 7 with a covered fire (simulating a wheel house). 
 

 
Figure 8  Setup of car engine components in Test 8 
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Figure 9  Setup for test 9 with PUR and PE. 
 
 
6.3 Large-scale tests in the Northern Link tunnel in 

Stockholm 
 
In the Northern Link tunnel project an opportunity was given to test the installed 
detection systems. The tunnel was about to be open for traffic at the time of the tests. It 
was in September 2014. The basic requirement in the project was that the detection 
system should be able to detect a 3 MW fire within 3 minutes during free traffic flow 
generating air velocity of 3 m/s. These requirements were considerably less restrictive 
than what was put up as aim for the EU project presented here.  
The results of the previous tests; Test Series I (2013) and II (2014) in the Törnskogtunnel 
and tests performed at SP Fire Research laboratory provided information on the test setup 
design, the choice of fuel and the size of the fuel trays gave the background to how the 
tests were designed in these large-scale tests.  In the following descriptions of test 
procedures and setup are given.  
 
6.3.1 The test procedure and setup 
 
Two locations were chosen for the test fires in the Northern Link tunnel in Stockholm. 
The first test series was performed in the part called Roslagstunneln and a second test was 
performed in a more complex area of the tunnel at a location called Vassen in a part 
called Gärdestunneln. Detailed descriptions of the test setup are given below.  
 
6.3.1.1 Large-scale tests in Roslagstunneln 
 
The cross-section at test location was 12 m wide and 6.6 m high. There were different 
detection systems installed. Linear heat detection (LHD) cables were mounted in the 
ceiling and on both sides of the tunnel cross-section. A camera system used cameras 
mounted every 50-60 m (on average). There was a camera installed about 10 m upstream 
of the test fire. There were also two smoke detectors (S), installed 100 m and 190 m 
downstream from the fire, see Figure 10. These smoke detectors were not permanent but 
were mounted for the purpose of the tests .  
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Figure 10   Placement of smoke and flame detectors upstream and downstream the fire (S 

for Smoke detectors).  
 
The tests were performed using different numbers of 0.6 m (diameter) circular pans filled 
with about 8 litres of gasoline (95 octane) each. No water beds were used. The pans were 
put inside a larger tray of steel which was placed on a set of load cells, used to measure 
weight loss over a period of time. The weight loss per second correlates to the rate of fuel 
consumption and ultimately the heat release rate (HRR) of the test fires. The exact 
measure of the radius of the circular pans was 0.288 m and rim heights of  the pans were 
0.06 m. The fuel depth of the filled pans was 30 mm which corresponds to 7.8 litres of 
gasoline. The number of pans used in the tests varied from one to four. A total of 16 tests 
were performed with different number of pans and longitudinal ventilation velocity. The 
test sequence and the number of pans used in each test are given Table 12.   
 
The temperature measurements were performed using ordinary K-type thermocouples and 
a special designed cable plate thermometers (CPT).  
The locations of the thermocouples and the CPTs inside the tunnel and in relation to the 
fire are shown in Figure 4.  The CPT was placed adjacent to LHD in the cable tray to 
obtain similar heat exposure for both objects. One CPT was placed as close as possible to 
the fire on the cable tray and another 5 m downstream the fire. Ordinary welded 0.5 mm 
K-type thermocouples were used to measure the ceiling gas temperatures beside the 
CPTs, in accordance with Figure 11. Further, 0.5 mm K-type thermocouples were used to 
measure the centerline gas temperatures in the ceiling, 50 mm below the sprinkler pipe 
(which was about 0.3 m from the ceiling). The distances from the fire location and in the 
horizontal direction were x=0 m, 5 m, 10 m and 20 m, respectively, as shown in Figure 
11.  
 
The HRR was determined from the weight loss measurements. The scale used to measure 
the weight loss consisted of load cells with an accuracy of 10 g. The weight loss rate in 
kg/s of the gasoline was multiplied with an effective heat of combustion value of 43.7 
MJ/kg [24].  The combustion of the gasoline is not complete since there is smoke 
particles created, but measurements based on heat release rate calorimetry and mass loss 
burning rate indicates that this value of effective heat of combustion is correct to use for 
gasoline and this size of pans.  
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Figure 11 Test setup in the tunnel for temperature measurements above the fire, 5 m, 

10 m and 20 m downstream. 
 

 
Figure 12  Test setup for Test 1-16 measuring weight loss of the fuel.  
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Figure 13  Test setup for Test 1-16 at the Roslagstunnel test site (Northern Link tunnel). 
 

 
Figure 14  Test setup for Test 1-16 (here Test 2 at ignition) at the Roslagstunnel test 

site. 
 

6.3.1.2 Large-scale test in Gärdestunneln 
 
The tunnel geometry at the second test location was different than at the first one at the 
Roslagstunnel. The tunnel was wider and higher and it was connected to two ramps as 
can be seen in Figure 15. The tunnel cross-section was 15.6 m, and 7.1 m high. This 
location in the tunnel system was called Vassen. In this test, no temperatures or HRR 
were measured due to practical reasons. The camera system and the linear heat detectors 
were the only detectors used. The camera positioned closest to the test fire were situated 
15 m downstream from it. 
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Figure 15  Test setup for test at “Vassen” in the Northern Link tunnel. 
 

 
Figure 16  Test setup for test at “Vassen” after ignition. 
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7 Results and discussion for fire tests 
 
In the following the test results based on measured parameters are given. The heat release 
rate (HRR) was determined by measuring the weight loss of the fuel. The weight loss per 
second in kg/s was multiplied by a value for the heat of combustion. This value was 43.7 
MJ/kg for gasoline and 44.3 MJ/kg for heptane.   
 
7.1 Results from the SP laboratory tests 
 
The heat release rate was increased when the fire was exposed to lateral wind. The smoke 
production also increased which was not the case in the previous tunnel tests performed 
by the Swedish Transport Administration . It turned out that this was due to the much 
lower rim height used at SP.  
 
In the laboratory tests it was found that gasoline produced the most smoke in relation to 
the heat release rate of all fuels tested. Heptane had a more luminous flame than the other 
fuels. The diesel fuel had a low heat release rate in comparison with the others, it was also 
very inconsistent in its heat release rate due to boiling of the liquid. Gasoline and heptane 
was selected as the fuels to use in the tunnel tests, mainly due to their relatively high heat 
release rate and smoke production. The predicted and measured heat release rates (HRR) 
are given in Table 6. 
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Table 6 Results from the lab tests. 

Test 
Pool dimension 
(m×m) Fuel Wind (m/s) 

Predicted 
HRR 
(kW) 

Measured 
HRR  
(kW) 

1 0.67×0.67 Diesel 0 500 - 
2 π × (0.2875)2 Diesel 0 350 450 
3 0.67×0.67 Diesel 0 500 920 
4 π × (0.2875)2 Gasoline 0 - 511 
5 0.67×0.67 Diesel 0 500 1000 
6 0.8×0.8 Diesel 0 750 1300 
7 π ×(0.2875)2 Heptane 0 - 750 
8 π ×(0.2875)2 Heptane 6 - 1350 
9 π ×(0.2875)2 Diesel 6 - 430 

10 π ×(0.2875)2 Gasoline 6 - 1240 
11 0.25×0.25 Heptane 6 - 56 
12 0.25×0.25 Gasoline 6 - 130 
13 0.25×0.25 Diesel 6 - - 
14 0.35×0.35 Heptane 6 - 570 
15 0.35×0.35 Gasoline 6 - 500 
16 0.35×0.35 Diesel 6 - 300 

  
7.2 Results from test series I 
 
Primarily gasoline was used in the tests to get comparable results between the different 
wind speeds. The heat release rate decreased significantly when the wind was lowered 
from 6 m/s to 3.5 m/s. However, when the wind speed is lowered, the measured ceiling 
temperature increased. In these tests, the ceiling temperature at the cable tray location 
never increased more than 3ᵒC according to the CPT’s. The linear fire cable detection 
system (LHD) did not function properly but whether the system would be activated by 
such a small temperature increase or not depends on operator settings.  
 
In tests 1-5, both the smoke detectors and the flame detectors reacted early. There was a 
slight difference in reaction time of the different flame detectors even though they were 
placed in the same area. Test 6 was carried out with a pan having a higher rim, 0.1 m 
instead of 0.04 m. This particular pan was previously used by the Swedish Transport 
Administration  in their preliminary testing. The results showed that the smoke 
production was drastically lowered and therefore the smoke detectors did not react as 
easily as in previous tests. The values registered by the smoke detectors during test 6 
might actually be too low to really know if a fire has occurred. In a tunnel there will 
always be a lot of exhaust gases etc. so the detector used cannot be set to be too sensitive. 
The flame detectors, however, reacted early despite  the higher rim. 
 
The heat release rate was also lower for the pan with higher rim. It was observed that the 
gasoline was ignited when the gases above the surface reached the height of the rim, i.e. 
only fuel molecules and no air was present below the rim height and hence, no 
combustion could occur close to the fuel surface which led to a less efficient 
combustionsince the process was controlled by the mass transport rate of fuel molecules 
through the gaseous film above the surface.  
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Table 7 Results from the tunnel tests series I. 

Test Pool area (m2) Fuel Wind (m/s) 
Calculated HRR 
(kW) 

Max ΔTCPT 
(ᵒC) 

1 0.35×0.35 Gasoline 6 520 1.4 
2 0.35×0.35 Heptane 6 490 1.0 
3 π ×(0.2875)2 Gasoline 6 880 3.0 
4 0.35×0.35 Gasoline 3.5 380 1.7 
5 0.35×0.35 Gasoline 2.7 310 1.6 
6 π ×(0.25)2 Gasoline 6 (high rim) 490 1.4 

 
7.3 Results from test series I and II 
 
The purpose of this test series, referred here to as test series II, is to repeat the previous 
test series I to verify the performance of the detections systems. Another aim was to 
perform some additional tests to improve documentation of the detection system 
performance. 
 
In tests series I it was found that in the small scale tests the heat release rate increased 
when the pool fires were exposed to 6 m/s lateral wind. The smoke production also 
increased which was not the case in previous tunnel tests performed by the Swedish 
Transport Administration  (carried out prior to test series I). It turned out that the reason 
that the smoke production and heat release rate increased, was due to the lower rim height 
of the fuel pans. In test series I, several fuels were tested in order to choose the ones 
providing the required heat release rate and smoke production. The fuels that were found 
to best fit these requirements were gasoline and heptane. Gasoline had the highest smoke 
production in relation the heat release rate. The pan that was found to produce 
approximately 0.5 MW when exposed to 6 m/s lateral wind, both with heptane and 
gasoline, had the dimensions of 0.35×0.35 m2. 
 
In each of the earlier tests performed, the flame detectors reacted quickly. This was to be 
expected as the flame was visible and not covered in any way.  
 
The smoke detectors performed very well in the first five tests. In the last test, the smoke 
production was drastically lowered compared to the other tests. The smoke detectors 
reacted in the last test as well, even though the smoke concentration was far from the 
values obtained in the previous tests.   
 
In Table 8 the test results from test series I have been split up into two time periods. This 
was done in order to be able to compare the old data to the new data obtained in test 
series II. The results from test series II is presented in Table 9.  
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Table 8 Results from test series I2. 

Test 
Pool area 
(m2) Fuel Wind (m/s) 

HRR (kW) 
0.5-1.5 min 

HRR (kW) 
2-4 min 

1 0.35×0.35 Gasoline 6 160 488 
2 0.35×0.35 Heptane 6 266 402 

3 
π 
×(0.2875)2 Gasoline 6 

371 728 

4 0.35×0.35 Gasoline 3.5 160 364 
5 0.35×0.35 Gasoline 2.7 124 295 
6 π ×(0.25)2 Gasoline 6 (high rim) 393 408 

 
In Table 9 the test data from test series II are given. The test sequences for tests 1 – 6 are 
identical in both series. This means they are directly comparable.  
 
Table 9 Results from test series II. 

Test 
Pool area 
(m2) Fuel 

Wind 
(m/s) 

HRR (kW) 
0.5-1.5 min 

HRR 
(kW) 2-
4 min 

Covered 

1 0.35×0.35 Gasoline 6 320 464 No 
2 0.35*0.35 Heptane 6 155 514 No 
3 π × (0.2875)2 Gasoline 6 495 819 No 
4 0.35×0.35 Gasoline 3.5 157 295 No 
5 0.35×0.35 Gasoline 2.7 127 273 No 

6 π × (0.25)2 Gasoline 
6 (high 

rim) 
459 557 No 

7 0.35×0.35 Gasoline 6 335 481 Yes 

8 - 

Combustible 
car engine 
components 6 3) 

 
 

3) 

Yes 

9 - PUR/PE 6 3) 
3) Yes 

 
From the measured HRR it is clear that the tests are difficult to repeat. One reason for the 
relatively large difference between test series I and II is that the weight loss measurement 
device had a poor resolution.  
 
The temperature due to radiative heat transfer measured by the CPT and the gas 
temperature measured by thin thermocouples were measured above the fire and 5 m 
downstream. The result of these measurements is presented in Table 10 and Table 11. 
Note that the reference time for the detectors in test series I was unknown. It was assumed 
that the tests started when first flame detector spotted the fire, since it was noted that the 
flame detectors responded instantly during the tests. Above the fire, mainly radiated heat 
from the flame was registered by the CPT at an increase above ambient of 1-2°C. 5 
meters downstream temperature increase at about 1°Cwas registered by the CPT and TC. 
Test 3 shows about 1°Chigher temperatures. Due to the inclination of the fire plume by 
the  high wind velocity, see Figure 17, the highest temperature will be registered further 
downstream the fire at the ceiling. For a 0.5 MW fire placed 6 m below the ceiling with 6 

                                                      
2 Note that in this table the HRRs are calculated differently compared with previous ones. The time 
periods are divided up in two, instead of one as in the original report.  
3 No HRR were measured and temperature increase was insignificant. 
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m/s ventilation the highest temperature increases in the ceiling would be around 6°C 15-
20 m downstream the fire. 
 

 
Figure 17  With 6 m/s wind the flame is severly tilted. 
 
It is clear from the analysis of the measured data correlate well but there is a variability of 
about 100 kW when the tests are repeated. 
 

 
Figure 18  Comparison of the HRR for the two test series I and II. 
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Figure 19  Measured ceiling temperature by CPT above the fire as a function of HRR in 

test series I and II. 
 
Note that Figure 19 includes tests with different ventilation speed. There is tendency that 
the temperature registered increase with HRR over 600 kW (test 3 which represent the 
upper right points from series I and II). For lower HRR it is almost the same in both test 
series.  However, note that the gas temperature registered is not the maximum ceiling gas 
and even not the gas temperature. In most cases, the measured values are only an 
indication of radiation. Further, no effect of wind is considered in the plotting of Figure 
19. 
 
In the following the performance of each detector is given. The data is based on 
registrations provided to us by the manufacturer or operators of the systems. In Table 10 
and 4 the detection times are given in minutes from ignition. Since no data from the linear 
heat detector was available the maximum temperatures at 0 and 5 m downstream the fire 
with TC and CPT are presented for comparison. 
 
Table 10  Detector performance in test series I, time to detection from ignition (min) 

and temperature increase (ᵒC). 

Test 

S 1 
(mE/m
) 

S 2 
(mE/m
) 

F 1 
  

F 2 
  

 
H 1 
  

 
H 2 
 

ΔT 
CPT, 0  

ΔT 
CPT, 5 
 

ΔT 
TC, 0 
 

ΔT 
TC, 5 
 

 
Smoke 
(min) 

Smoke 
(min) 

Flame 
(min) 

Flame 
(min) 

Flame 
(min) 

Flame 
(min) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

1 2.1 2.7 0.2 0.6 - 0.2 1.3 0.8 1.0 0.8 
2 2.5 - 0.2 0.1 - 0.2 1.1 0.7 0.9 0.8 
3 1.2 2.0 0.1 0.1 2.8 0.1 2.7 1.8 1.9 1.7 
4 1.9 2.9 0.1 0.1 - 0.2 1.8 1.1 1.6 1.5 
5 2.1 3.5 0.3 0.1 - 0.4 1.7 1.0 1.4 1.2 
6 5.0 - 0.1 0.1 1.5 0.2 1.4 0.9 1.0 0.7 

0

0,5

1

1,5

2

2,5

3

0 200 400 600 800 1000

Te
m

pe
ra

tu
re

 in
cr

ea
se

 (C
) 

HRR 2-4 min (kW) 

Correlation between HRR and temperature increase 

Test series I

Test series II



38 

 

 
In in Table 10 and Table 11 it can be seen that the smoke detectors (S 1 and 2) detect 
most fires which are large enough, or smoky enough, within 5 min. Detection within 1.5 
min was only achieved for Test 3 in both test series and Test 6 in test series II. Note that 
the smoke detectors were placed 100 m downstream the fire. 
 
The flame detectors on the other hand react on the photons emitted from the flame with 
the speed of light. The flame detectors detected all fires with a measurable HRR in the 
test series shortly after ignition. This is valid also for covered fires. Often detection was 
within 6 seconds from ignition.  
 
The data from the linear fibre optic cable was not available due technical problems and 
therefore it is not possible to put the results from that detector into the context of 
performance in relation to the smoke and flame detectors. The temperature measurements 
indicates that it may have responded in some of the tests, e.g. test 3, if it is sensitive to 
temperature increase of 2-3°C in about 5 min. Note that the maximum ceiling gas 
temperature to which the linear heat detector could response is much higher than the one 
registered. The reasons have been presented previously. 
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Table 11  Detector performance in test series II, time to detection (min) and 

temperature increase (ᵒC) 

Test 
S 1 
(mE/m) 

S 2 
(mE/m) F 1 F 2 

 
 
H 1 

 
 
H 2 

ΔT 
CPT, 
0  

ΔT 
CPT, 
5 

ΔT 
TC, 
0 

ΔT 
TC,  
5 

 
Smoke 
(min) 

Smoke 
(min) 

Flame 
(min) 

Flame 
(min) 

Flame 
(min) 

Flame 
(min) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

Temp 
(ᵒC) 

1 2.2 2.6 0.1 0.1 - 0.2 1.5 1.0 0.4 1.0 

2 3.0 3.8 0.1 0.1 3.6 0.2 1.7 1.2 0.5 1.1 

3 1.3 1.7 0.1 0.1 1.7 0.2 2.8 2.1 0.8 1.9 

4 3.0 3.7 0.2 0.1 - 0.4 1.5 1.0 0.8 1.2 

5 2.2 3.0 0.6 0.2 - 0.4 1.6 1.0 0.7 1.2 

6 1.4 2.9 0.1 0.1 - 0.2 2.1 1.5 0.7 1.4 

7 2.9 3.3 0.1 0.0 1.6 0.1 0.9 0.5 0.3 0.4 

8 - - - - - 3.9 0.3 0.1 0.1 0.1 

9 - - - 1.0 - 2.3 0.2 0.1 0.2 0.2 
 
As the smoke detectors (S) are placed 100 and 200 m downstream the fire it takes at least 
16 seconds for the smoke to reach the detector in 6 m/s. In Figure 20 the time delay 
between the detectors can be seen. Another phenomenon which can be seen is that the 
smoke becomes more diluted with time. Therefore the signal from S 2 is lower and 
smoother. If the smoke detectors were placed e.g. 20 meters downstream the fire a faster 
detection would have been expected. For the fires that reached 0.5 MW in test series II 
the F1 managed to detect the fire within 90 seconds (Test 3 and 6). 

 
 
Figure 20  Signal from smoke detectors in Test 1, Series II. 
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Figure 21  Flame detection in test 1, series II. “1” means detection of fire. 
 
In summary it was observed that the smoke detectors detected a 0.5 MW fire within 90 
seconds (i.e. test 3 in both test series and test 6 in test series II that reached above 0,5 
MW in 90 seconds) 100 meters downstream the fire. The flame detectors detects all fires 
larger than 100 kW situated 60 meters from the fire or closer. 
 
7.4 Results from the Northern Link tunnel 
 
The first test series was performed in the part called Roslagstunneln and a second test was 
performed in a more complex area of the tunnel at a location called Vassen in a part 
called Gärdestunneln.  
 
7.4.1 Results from the large-scale tests in Roslagstunneln 
 
In Table 12 the test results based on the measured parameters are presented. The test set-
up and the measured HRR during different time periods after ignition are given. The 
performances of the camera detection system, the LHD and smoke detector S1 and S2 are 
also presented. The data is based on registrations provided to SP Fire Research by the 
manufacturer or operators of the systems.  
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Table 12 Results from Tests 1-16. 

Test Number 
of pans 

 
Wind 
(m/s)

4) 

HRR [MW] Time to detection (after ignition) [m:ss] 

0.5-1.5 
min5) 

1.5-3.5 
min5) 

3.5-5 
min5) 

Smoke 
detected 
(Camera) 

Pre-
alarm 
(LHD) 

Alarm 
(LHD) 

Smoke S1 
(mE/m)6) 

Smoke S2 
(mE/m)6) 

1 1 3 0.54 0.79 0.75 00:50 - - 1:41 (0:55) 3:34 (1:33) 
2 2 3 0.75 1.21 1.47 00:55 05:36 - 1:40 (1:08) 2:47 (1:50 
3 3 3 1.57 2.18 1.54 00:33 00:58 01:06 1:04 (0:55) 2:20 (1:54) 
4 4 3 2.65 3.60 1.69 00:29 00:50 00:50 1:00 (0:56 2:01 (1:37) 
5 3 3 1.35 2.01 1.55 00:34 01:05 01:21 1:07 (0:54) 2:17 (1:38) 
6 2 3 0.69 1.17 1.48 00:59 05:00 - 1:43 (1:06) 3:10 (1:50) 
7 1 3 0.31 0.52 0.60 01:09 - - 2:38 (1:16) 4:05 (2:00) 
8 1 6 0.36 0.48 0.62 02:44 - - 4:02 (1:06) 5:08 (2:33) 
9 2 6 0.88 1.37 1.31 01:13 04:38 - 2:49 (0:49) 3:16 (1:20) 
10 3 6 1.45 2.26 1.89 01:03 01:50 01:54 1:58 (1:01) 2:27 (1:28) 
11 3 7.7 1.68 2.68 1.03 00:55 00:56 01:20 1:30 (0:39) 2:09 (0:57) 
12 2 7.7 0.88 1.53 1.14 02:06 - - 2:47 (1:10) 3:20 (1:56) 
13 1 7.7 0.58 0.95 0.19 02:35 - - 2:16 (0:40) 2:46 (1:29) 
14 1 1.5 0.40 0.54 0.61 01:11 02:00 - 2:21 (1:40) 4:22 (3:47) 
15 2 1.5 0.88 1.24 1.31 00:42 00:55 01:03 1:41 (1:28) 3:46 (3:25) 
16 2 1.5 0.87 1.21 1.45 00:36 01:07 01:15 1:31 (1:22) 3:13 (2:24) 

 
 
  

                                                      
4 Wind speed fluctuated during tests and was measured both with handheld devices and the system 
installed in the tunnel.  
5 Time after ignition 
6 These smoke detectors were only mounted there for the tests. The detection time presented is the 
value given by the manufacturer for when a fire is detected, 30-40 mE/m (milliExtinction/meter). 
The time which is presented is when the value first enters the mentioned interval. Within brackets 
the time for a detection limit of 7 mE/m is presented. This value is based on what STA believes 
could work as a lowest possible limit for fire detection. 
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In Table 12 the data found can be used to plot some interesting tendencies about the 
relation of ventilation velocity, fire size and temperature response. In Figure 22 the heat 
release rate, given as the maximum value of all three time periods (HRRmax), as a function 
of the number of pans is plotted as function of number of pans. Increasing number of pans 
means larger heat release rates, but it is interesting to note that the HRR is not very 
dependent on the ventilation velocity. There is, however, a trend that the HRR within the 
same number of pans, increases with ventilation speed, although this is a relatively vague 
tendency. It also shows the range of fire sizes tested from 0.5 MW to 3.6 MW. In all tests 
the LHD detection systems activated with 3-4 pans, i.e. within a range of 2.5 – 3.6 MW, 
when the velocity was 3 m/s or more. With velocity of 1.5 m/s  detection was obtained 
with only 2 pans. A pre-alarm was obtained with 2 pan or more in most cases. The smoke 
detectors alarmed in all the tests performed.  
 

 
Figure 22    The maximum heat release rate as a function of number of pans for different 

wind velocities.    
 
In Table 13 temperature measurements are presented. The temperatures are given as the 
maximum individual temperature increase of each measuring point. The CPT 
measurements are presented as mean value of the four measurement points on the CPT 
thermometers. While comparing the rate-of-rise of the temperatures measured by the 
CPTs to the detection performance of the LHD one could see that detection was achieved 
only when the CPT showed a rate-of-rise which was higher than 1°C/min and which did 
not fluctuate too much.  When the CPT rate-of-rise did not reach high above 1 °C/min or 
fluctuated, making the value go below 1°C/min from time to time, there were no 
detection from the LHD.  
 
Comparing the CPT results with the thermocouples situated next to them made it clear 
that the CPT was highly affected by radiation from the test fires. This was most obvious 
for the tests with higher wind speeds where they reached temperature increases several 
times higher than the corresponding thermocouples. At low wind speeds (1.5 m/s) the 
convective effects became dominant and the thermocouples increased as much or even 
more than the CPTs.   
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Table 13  Maximum temperature increase (ᵒC) for Test 1-16 and CPT. Indexes 0, 5, 10 

and 20 indicate position x.  
Test ΔT CPT, 0 ΔT CPT, 5 ΔT TC, at CPT, 0 ΔT TC, at 

CPT, 5 
ΔT TC, 0 ΔT TC, 5 ΔT TC, 10 ΔT TC, 20 

 Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

Temp 
[ᵒC] 

1 4.9 2.5 1.3 1.5 1.8 1.3 5.7 9.8 
2 8.1 4.4 1.8 2.3 3.1 2.2 13.16 11.8 
3 10.6 6.4 2.4 3.4 3.9 2.7 23.1 13.9 
4 15.7 8.5 3.9 4.8 6.4 10.5 35.9 20.1 
5 9.8 5.2 2.3 2.8 4.0 2.8 18.3 12.9 
6 7.6 3.4 1.8 2.0 3.0 2.0 17.4 9.9 
7 3.4 1.5 0.8 0.9 1.2 0.8 5.1 6.3 
8 3.2 1.6 0.7 0.8 1.2 1.0 0.9 1.0 
9 6.9 3.8 1.3 1.9 2.6 1.9 1.8 6.4 
10 9.9 6.1 2.0 2.9 3.4 2.9 2.8 14.1 
11 9.0 6.3 1.7 2.8 3.2 3.0 2.5 1.6 
12 6.4 3.8 1.3 1.7 2.4 2.4 1.9 0.5 
13 3.1 1.7 0.7 0.9 1.1 0.9 1.0 0.2 
14 4.5 2.8 1.3 6.4 1.6 15.0 11.3 7.7 
15 19.1 20.4 20.3 25.5 28.5 31.4 20.7 14.9 
16 9.4 14.6 3.0 21.9 5.5 23.2 20.8 13.9 

 

 
Figure 23     The measured temperatures with the CPT at two different locations, x= 0 m 

and x=5 m compared to the measured gas temperature at same location. The 
CPT was positioned just beside the LHD cable on the tunnel side, close to 
one of the tunnel walls. Data points for velocity of 1.5 m/s are not plotted 
since they diverge from the measured data with higher velocities.  

 
In Figure 23 a plot of the data from Table 13 is shown for the CPT measurement and the 
gas temperature at corresponding locations. The data points from the lowest velocity of 
1.5 m/s are not shown, as they diverge from the higher velocities. With the lowest 
velocity both the CPT and the thermocouples became exposed to convective heat flow 
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from the fire. For the higher velocity rates the effects of direct radiation on the CPT at 
x=0 m is clear from this graph. The slope of the curve indicates that the direct effects of 
the radiation decreases as the distance increase. The radiation is related to the temperature 
as a fourth power equation, but the convection as a linear function which may explain this 
trend.  
 

 
 
Figure 24  Comparison between calculated and measured maximum gas temperatures at 

the tunnel ceiling using the data from Table 13. 
 
In Figure 24 a comparison of measured maximum gas temperature (from table 13) and a 
theoretical calculation using correlations presented by Li and Ingason [25]. There is a 
tendency that calculations overestimate the measured gas temperature, but the correlation 
clearly follows a linear relationship. The deviation could be due to that the measured gas 
temperature is not the real maximum gas temperature as the interval of thermocouples is 
5 m, around one tunnel height.  This shows that with simple calculations it would be 
possible to predict the maximum ceiling temperatures.   
 
7.4.2 Large-scale test in Gärdestunneln 
 
The test performed at Vassen is presented in Table 14. Only one test was run and the 
wind speed was lowered during the test. Detection times in cameras and LHD are given 
in minutes and seconds after ignition. 
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Table 14 Results from test at Vassen. 
  Time to detection [m:ss] 

Number of 
pans Wind [m/s] 

Smoke 
detected 
(Camera) 

Pre-alarm 
(LHD) Alarm (LHD) 

2 4.2-4.6 Until detection 01:22 03:39 04:07 
 
7.4.3 Summary of the results of the Northern Link tunnel 

tests 
 
Large-scale fire tests representing fire sizes with heat release rates around 0.5 MW to 3.6 
MW were performed in the Northern Link tunnel. The aim of the tunnel tests was to 
evaluate the fire detector systems and to investigate if they fulfilled the requirement given 
by Swedish Transport Administration  to detect a 3 MW fire within 180 seconds when the 
traffic is flowing freely. A range of sets of varying numbers of pans were used in order to 
obtain a range of HRR that could be used for documentation of the detector response in 
future projects. Three pans appear to give a reasonable fire size to test according to the 
goal setup by Swedish Transport Administration . The fire growth rate varies, and is very 
much dependent on the wind velocity.  In the following a short summary of the most 
important conclusions related to the technical detection system is given.  
 
7.4.3.1 CCTV 
 
In each of the tunnel tests performed, the CCTV were able to detect the fire within 3 
minutes of ignition. 
 
7.4.3.2 Linear heat detectors 
 
When using three test pans (2.2 MW ) the linear heat detection system alarmed within 2 
minutes and the four pan fire (3.6 MW ) was detected, causing an alarm, within a minute 
of ignition. 
 
In case of only one pan (about 0.5 MW), the LHD system was not able to detect the fires, 
causing neither pre-alarm nor alarm except for Test 14 where the wind was kept as low as 
1.5 m/s.  It also did not detect the fire in Test 12 either, with two pans (1.5 MW) and 
maximum wind at 7.8 m/s, and reached only pre-alarm levels for the other two pan tests 
when the wind speed was 3 m/s or higher. However, during the two pan fire test at 
Vassen the LHD detected heat changes of alarm levels shortly after 4 minutes and had 
reached pre-alarm levels half a minute earlier. The wind speed was lowered during the 
test though and the LHD did not alarm until the wind was below 3 m/s. 
 
7.4.3.3 Smoke detectors 
 
The smoke detector placed 100 m downstream of the fire detected all fires within 3 
minutes using a threshold value of 30 mE/m, except for Test 8 with no detection (one pan 
fire and wind of 6 m/s),. 
 
The smoke detector at 190 m downstream of the fire detected all fires of three pans or 
more within 3 minutes. The two pan fires were detected just before or after 3 minutes and 
for the low wind speed (1.5 m/s) tests the smoke should not reach the far smoke detector 
until more than 2 minutes have passed after ignition.  
 
7.4.3.4 Cable Plate Thermometers and LHD 
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While comparing the rate-of-rise of the temperatures measured by the CPTs to the 
detection performance of the LHD one could see that detection was achieved only when 
the CPT showed a rate-of-rise which was higher than 1°C/min and which did not 
fluctuate too much. When the CPT rate-of-rise did not reach high above 1 °C/min or 
fluctuated, making the value go below 1°C/min from time to time, there were no 
detection from the LHD. The value of 1°C/min discussed here is only an indication for 
detection.    
 
Comparing the CPT results with the thermocouples situated next to them made it clear 
that the CPT was highly affected by radiation from the test fires. This was most obvious 
for the tests with higher wind speeds where they reached temperature increases several 
times higher than the corresponding thermocouples. (The thermocouples probably also 
measured the radiation effect and/or the temperature of fresh air flow heated by the hot 
tunnel walls). At low wind speeds (1.5 m/s) the convective effects became dominant and 
the thermocouples increased as much or even more than the CPTs. 
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8 Conclusions 
 
Large-scale fire tests have been performed in a road tunnel, Törnskogstunneln, preceded 
by small scale laboratory tests in order to define suitable pan sizes for a 0.5 MW fire. The 
main aim of the tunnel tests was to investigate possible fire detector systems and to see if 
they could fulfil the requirement given by the Swedish Transport Administration to detect 
the fire within 90 seconds. 
 
Answers to the initial questions and more were established during the tests. It was found 
in the small scale tests that the heat release rate increased when the pool fires were 
exposed to a lateral wind. Several fuels were tested in order to choose the ones providing 
the required heat release rate and fire behavior, which were finally chosen to be gasoline 
and heptane. Gasoline had the highest smoke production in relation the heat release rate. 
The pan that was found to produce approximately 0.5 MW when exposed to lateral wind, 
with both heptane and gasoline, had the dimensions 0.35×0.35 m2. The tests also showed 
that the height of the pool rim is an important factor for the fire behavior.   
 
In the tests carried out in the Törnskogstunneln, the linear fire alarm cable did not 
function properly during the tests, and therefore nothing can be said on their function. 
However, the CPT at 0 and 5 m downstream registered very low temperature differences 
during the tests, and it is doubtful if the linear fire alarm cable would have been able to 
detect the test fires. 
 
In each of the tunnel tests performed, the flame detectors situated at 25 or 60 meters from 
the fire location reacted quickly within 0.5 min, both for covered and uncovered fires 
with a measurable HRR (>0.1 MW). 
 
The smoke detector at 100 m downstream the fire detected 3 out of 4 fires with a 0.5 MW 
HRR within 90 seconds. 
 
Since no data was available for the linear heat detector nothing can be said about its 
performance, except that a 0.5 MW fire is a challenging to detect within 90 seconds, but 
not impossible within 5 min. The temperature increase due to radiative heat transfer is 
around 2-3°Cwithin 5 min and the expected temperature increase due to convective heat 
transfer is 6°Cwithin 5 min 15-20 m downstream the fire. 
 
From the tests with covered solid material it is clear that such small fires (< 0.1 MW) are 
not detected by any of the systems. Covering the liquid fuel with a wheel house did not 
seem to affect the performance of the flame or smoke detecting system. 
 
The Northern Link tests experiments were carried out at a tunnel section with linear and 
smoke detection systems, together with visual CCTV monitoring.  In addition, the test 
site was instrumented with cable plate thermometer (CPT) and ordinary gas temperature 
sensors.  The performance specification for the Northern Link tunnel before it could be 
opened specified that the detection system must be activated within three minutes in 
response to a 3 MW fire and 2 m/s air flow velocity.  The ability of the system to detect a 
0.5 MW fire with an air flow velocity of 6 m/s within 90 seconds has also been 
investigated.  Changing the number of 0.6 m gasoline-filled pans from one to four 
enabled production of heat release rates between 0.5 MW and 3.6 MW.  A total of 16 fire 
tests were performed, with the results showing that, in most cases, the CCTV and smoke 
detection systems responded to a 0.5 MW fire (one dish) within 90 seconds.  The linear 
detectors (heat-sensing) reacted within 90 seconds to a heat release rate of about 2-
2.5 MW, which was equivalent to that from three fuel pans. 
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9 Recommendations for future tests 
 
A suitable method of testing the performance of flame, smoke, linear and visual fire 
detection systems in road tunnels requires the use of three 0.6 m diameter standard pans, 
each containing eight litres of 95 octane gasoline, and air flow velocities of 2 m/s and 
6 m/s.  One pan is sufficient if early warning is required without identifying the position 
for the fire-fighting system. 
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