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1.1

Who is Etex

Promat companies are subsidiaries owned by Etex, a Belgian industrial group that specialises and markets high quality building
materials and systems.
Founded in Belgium more than 110 years ago, Etex currently operates 107 factories and 102 companies (including 8 R&D
centres) across 42 countries, employing more than 15,000 people.

1.1.1

Structure

Etex’s structure reflects more than a century of geographic growth and product diversification. Today the group approaches the
market as an organisation with global divisions. By 2017, all Etex subsidiaries worldwide have been integrated within these four
divisions, each targeting a well defined business segment:
l
l
l
l

Etex Building Performance
Etex Industry
Etex Façade
Etex Roofing

Etex Building
Performance

Etex Industry

Etex Façade

Etex Roofing

Fibre cement and
gypsum building boards,
fire protection and
dry construction systems

Industrial solutions with
high performance thermal
insulation and passive
fire protection

Fibre cement
façade materials

Roofing systems,
fibre cement slates and
corrugated sheets, clay and
concrete tiles, roofing components

In each of the four business divisions, Etex has set out ambitious goals to sustain and strengthen its market leadership for its
unmatched range of products and systems. Promat products and solutions are included in the first two divisions. Both tunnel fire
protection and building technical construction are business segments of Etex Building Performance division.
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1.1.2

Vision and strategy

Etex continuously strive to be the innovative leader in sustainable and affordable building solutions with a strategy based on
these four pillars:

CORPORATE
INFORMATION
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1.2

What drives Etex

At Etex, the way business is being conducted just as important
as its offering. The group is driven by a people-oriented
philosophy and act accordingly, in a responsible, safe and
sustainable way.
http://www.etexgroup.com/en/what-drives-us/inspiring

1.2.1

c) Energy reduction
Innovation and striving for lower production costs leverage
any environmental efforts. For example, the heavy energy
usage plants are implementing the ISO 50001 energy
management standard to help reduce energy consumption
in a systematic way. Etex also help customers reduce their
carbon footprint with eco-friendly solutions.

Social commitment

The principles of sustainable development are foremost in
people’s minds. Etex focus on the following aspects which can
have the most impact:
a) Workforce safety
Safety comes first at Etex. With a formal set of guidelines to
establish safety standards and frameworks, all employees
are responsible to work ceaselessly on machine safety,
procedures and their behaviour towards zero accidents
worldwide. As a result of these efforts and other measures,
the frequency rate of accidents in the global operation of
Etex companies has decreased each year.

1.2.2

Community relations

Being a global group, Etex’s numerous stakeholders are key
to the group’s success. That is why the companies have acted
as responsible citizens in their local communities. In 2011,
Etex introduced a Code of Conduct of the ethical rules and
guidelines for contributors on the community work.
Having teamed up with international Non Governmental
Organisation (NGO) and local partners, Etex helps build
homes for those in need all over the globe. http://www.
etexgroup.com/en/what-drives-us/community-projects

b) Asbestos policy
Although asbestos has been banned from Etex production
processes in the past, the group has instigated a
mandatory policy for all companies to assist asbestos
victims by compensation, landfills management, exposure
prevention, or support of medical and scientific research.
http://www.etexgroup.com/en/what-drives-us/socialcommitment/asbestos
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Fire resistance of tunnel structures is an important issue. If it
is not properly addressed, fire in a tunnel can result in loss of
life and economic for both the tunnel owner/operator and the
local community.
A number of questions to address when considering the
design performance of the tunnel structure:
l In the event of a fire will the occupants be able to escape to
a place of safety free from the effects of explosive spalling
concrete or even partial collapse of the tunnel. Will the
structure collapse, causing collateral damage to other parts
of the tunnel and rendering additional risk to the lives of
emergency services personnel.
l In the event of a fire can the functionality of services such
as emergency lighting, smoke extraction systems ect be
maintained under extreme temperatures.
l Importantly there is the socio/ economic damage caused as
a result of taking a tunnel out of use. Such economic cost is
not related solely to the repair or rebuilding of the structure,
more usually it is the knock-on impact of loss to business,
traffic diversions ect which result in the largest costs to the
community.

In the case of Mont Blanc Tunnel, there was severe spalling of
the structural concrete. During the fire which occurred inside
the St. Gotthard Tunnel in 2001, a 250m long section of the
structure actually collapsed, hampering the activities of the
rescue services. Although these tunnels passed through rock
and experienced severe spalling, there was no total collapse,
however, if they were immersed tube tunnels, the structural
damage could have resulted in flooding of the tunnels with all
the associated implications.
It should be noted that after the fire in the Channel Tunnel,
the only thing standing between total loss and a situation
where effective repair could be carried out was the thin grout
layer between the concrete structure and the water bearing
rock layer, so severe was the spalling of the concrete. A very
slim margin to rely on, but a risk which could easily have been
alleviated had the correct passive fire protection systems
been included, complementing the active systems that were
installed.
Structure damage after fire in Channel Tunnel, UK

Whilst tunnel fires may vary widely, it has been proven through
a number of independent studies including the Runehamar
large scale fire tests conducted in association with the UPTUN
research programme, that temperatures can reach 1350°C and
heat fluxes up to 300kW/m² irrespective of the types of goods
being carried. With the general increase in traffic volume the risk
of an incident involving fire is increasing. They may be small with
the ignition of a small vehicle carrying a low fire load, or large
and intense from the ignition of a Heavy Goods Vehicle) HGV.
With the general increase in traffic volume and the transport of
hazardous and non hazardous goods that still have a high fuel
load, the risk of an incident involving fire is increasing.

2.1

Fire damage in tunnels

Fires in the Mont Blanc, Tauern, St. Gotthard and Channel
Tunnels previously have shown that the intensity of real
tunnel fires can be far greater than expected. The damage to
structure and long closure periods and loss of revenues can
have catastrophic consequences to both the tunnel itself as
well as the surrounding environment. In an immersed tube
tunnel, loss of the joint seals in a fire would destroy the tunnel.

In the scenario of Channel Tunnel, the economic damage
was estimated to be over twice the cost of the actual tunnel
repairs. The direct repairs to the tunnel cost an estimated €87
million while the additional costs in lost business, replacement
of infrastructure, materials (e.g. lorries, train carriages etc)
together with the impact of the tunnel closure on other. The
estimated total loss of revenue to Eurotunnel during the
period of closure was approx €200million. Total estimated cost
inclusive of impact on local communities closer to €1 billion.
Compared to Mont Blanc a simple road tunnel, the differences
of damage are not so marked, with the cost of repair being
approximately €206 million and the economic cost at some
€250 million.
However, the socio economic impact has to be considered on
a wider basis rather than simply the tunnel itself. The estimates
of the effects on the local Italian economy around the area
of the Mont Blanc Tunnel were estimated at €1.75 billion.
Therefore, in any risk analysis, the socioeconomic costs need
to be accurately identified and carefully assessed.

Mont Blanc Tunnel, Italy, after fire
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A list of road tunnel fire history worldwide is available on
Appendix page 44.
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European guidelines on tunnels

2.2.1

Structural requirements for road tunnels

Following the spate of aforementioned catastrophic fires
in European road tunnels, it became apparent that the
international tunnelling community had severe reservations
on the safety and operations of tunnels. In 2001, therefore
in 2001, a paper was released by PIARC (The World Road
Association) titled RECOMMENDATIONS OF THE GROUP
OF EXPERTS ON SAFETY OF ROAD TUNNELS to present the
following prognosis:
“To ensure safety in road traffic, the necessary structural,
technical and organisational measures need to be taken. All
safety measures have to correspond to the latest technology
and apply to all concerned, i.e. to road users, traffic control and
emergency services, infrastructure and vehicles.

This standardisation process led to the introduction of the
European Directive in 2004 in a document titled DIRECTIVE
2004/54/EC OF THE EUROPEAN PARLIAMENT AND OF
THE COUNCIL ON MINIMUM SAFETY REQUIREMENTS FOR
TUNNELS IN THE TRANS-EUROPEAN ROAD NETWORK.

2.2.2

Objective of European Directive

The objective of the directive was primarily to harmonise
and introduce minimum safety standards for road tunnels in
Europe and was primarily targeted at tunnel stakeholders. The
document also intended to make stakeholders fully aware of
the risks to life, structure and the economic and environmental
impacts associated with the operation of unsafe tunnels.

2
CHAPTER
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2.2

Article 1 of the document states:
The following objectives have also been set for attaining the
optimal level of safety in road tunnels:
l Primary objective — prevention
To prevent critical events which endanger human life, the
environment and tunnel installations.
l Secondary objective – reduction of consequences
As a result of events such as accidents and fires, to create the
ideal prerequisites for
• people involved in the incident to rescue themselves,
• the immediate intervention of road users to prevent greater
consequences,
• ensuring efficient action by emergency services,
• protecting the environment, and
• limiting material damage.”
The document concludes with the following statement:
“Fires in tunnels not only endanger the lives of road users, they
can also cause damage to structural components, installations
and vehicles, with the result that the tunnel concerned may
have to be closed for a considerable length of time.”

“The Directive aims at ensuring a minimum level of safety for
road users in tunnels in the Trans-European Road Network by
the prevention of critical events that may endanger human
life, the environment and tunnel installations, as well as by the
provision of protection in case of accidents.”
The aim of this statement was to raise stakeholder awareness of
“risk” and the consequences of “risk” with special significance
placed upon the risk of fire and the consequences to life,
structure and the environment.
Article 3 gives guidance on how to reduce the consequences
of risk namely by:
“Implementation of Risk Reduction Measures… the efficiency of
these measures shall be demonstrated through a risk analysis
in conformity with the provisions of Article 13.”
This statement suggests that “Risk Reduction Measures” need
to be implemented but their “Efficiency and Performance
Requirements” needs to be assessed through risk analysis
techniques. However, it is pointless incorporating risk
reduction measures unless the effectiveness of these “Risk
Reduction Measures” is known.
Article 13 states:

The above paper made tunnel stakeholders acknowledge
the frailty of the safety issues associated with the operation of
their own specific tunnel and in particular the concerns with
mitigating the consequences of structural damage and the
impact this has on the environment due to extended diversion
routes.
Notwithstanding the above report and the consequences of the
catastrophic fires, it was also recognised within the European
tunnelling community that a wide range of operational and
safety standards, regulations and structural requirements
existed in many different countries. The community believed
that this led to confusion and had to be standardised.

“Risk Analyses, where necessary, shall be carried out by a body
which is functionally independent from the Tunnel Manager.
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.”
In conclusion, the objective of European Directive was
primarily to make tunnel stakeholders more “risk averse”
in generic operational risks with particular reference to the
consequences of fire.

7

TUNNEL & UNDERGROUND STRUCTURE FIRE PROTECTION

2.2

European guidelines on tunnels

With reference to tunnel structures, the European Directive
states: “The main structure of all tunnels where a local collapse
of the structure could have catastrophic consequences shall
ensure a sufficient level of fire resistance.”
In this statement, specific reference is made to the main
structure forming the tunnel and the need for a sufficient level
of fire resistance. The ambiguity here is what can be deemed
to be a sufficient level of resistance. This level of resistance can
only be assessed if we know what the magnitude of fire risk
represents.
This fire magnitude can only be assessed through risk analysis
and the document refers to Article 13 above. The European
Directive repeatedly refers to Article 13 in an attempt to
harmonise standards. In principle the European Directive
introduces Risk Management techniques to introduce
minimum safety standards for roads on the Trans-European
Road Network.

2.2.3

Risk Management

2.2.4

Risk Analysis

Almost all risk assessment tools use the explicit risk assessment
formula:
RISK = Σ FREQUENCY x CONSEQUENCE
However, this approach makes no specific reference to the
magnitude of the risk. Furthermore when considered with
specific reference to fires in tunnels, it cannot determine
consequence. There is potential consequence to tunnel
structures from the risk of fire but this does not give guidance
in assessing the level of the risk reduction measure. This can
only be achieved in assessing the frequency (probability) and
magnitude of the fire risk (fire load or heat release rate).
Promat, along with an independent consultant, has developed
a Risk Analysis tool which allows the probability and fire
magnitude risk to be determined for any type of tunnel.
This approach, originally pioneered in the UK following the
introduction of the European Directive, has been used widely
throughout the world to derive design fire sizes for structural
resistance in tunnels.

With specific reference to tunnel structures, we know that:
THE RISK = FIRE
THE CONSEQUENCES = STRUCTURAL COLLAPSE

Output from this Quantitative Risk Analysis (QRA) model
results in a “Probability – Fire Size Matrix” as below:
Heat release rate

Probability

Years

5MW

0.325

3.08

15MW

0.056

17.92

25MW

0.056

17.79

50MW

0.068

14.60

100MW

0.023

42.92

But how do we derive the solution to satisfy the requirement of
“…ensuring a sufficient level of fire resistance”?

Promat, in joint partnership with leading consultants in the
field of Risk Management of structures, has developed a
suite of tools which has the tunnel stakeholders to make key
decisions to ensure compliance with the European Directive.
These include:
l Risk Analysis — risk impact (probability and magnitude)
l CFD & FEA Modelling — structural impact and consequence
l Consequential Analysis — economic and		
environmental impact
Resulting in the optimisation of
l Risk Reduction Measures
However, it must be emphasised that not all tunnels require
risk reduction measures in order to meet the requirements
of the European Directive. Indeed, if the “probability and
magnitude” of the risk is small, consequential analysis is not
required. This eliminates the need for risk reduction measures
and the Risk Management function is therefore complete. The
Risk Analysis tool is therefore a fundamental and powerful tool
in setting the constraints for Risk Management and similarly
the need or otherwise for structural Risk Reduction Measures.
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Using a balanced approach, analysis of the matrix determines
the “design fire size” and, as shown in below figure, sets the
Structural Design Criteria in the consequential analysis using
Computational Fluid Dynamics (CFD) and Finite Element
Analysis (FEA) tools to assess the need or otherwise for Risk
Reduction Measures.

Figure 1 Probability density vs Heat Release Rate (HRR)
1MW

PROBABILITY
DENSITY

The European Directive, as explained above, refers to Risk
Management techniques and makes specific reference to risk
analysis. However, other Risk Management tools are required
to derive a solution. Risk Analysis and in particular, reference
to tunnel structural integrity unfortunately only identifies the
“probability and magnitude” of the risk. It does not conclude
the consequence.

10MW

100MW

1000MW

0.1

0.01

y = 2.4105x-1.5968

0.001

0.0001

HEAT RELEASE RATE

To summarise, the risk reduction process can be concluded at
this stage if the “Probability – Fire Size Matrix” shows that the
risk is small. In this it was concluded that the probability of the
100MW fire lay within the design life of the tunnel. CFD and
FEA was then used to assess the structural performance from
such a fire load.

TUNNEL & UNDERGROUND STRUCTURE FIRE PROTECTION

Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA)

Following risk analysis, if it concludes that the probability and magnitude of the
fire risk may result in consequential structural damage, an assessment of this
consequential damage needs to be undertaken. Promat, along with independent
consultant and Efectis laboratories, have pioneered the coupling of CFD and FEA to
assess the structural damage resulting from the output of the risk analysis.

2
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Coupling of these two design tools allows individual structural components to be assessed in detail with fires located at various
locations across tunnel cross sections.
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2.2.5

Figure 2 Fires and temperatures located at various locations across tunnel cross sections
The CFD component develops
the temperature constraints at
the boundary of the structure
for a fire at any location in a
tunnel, important for wide
tunnels formed from many
structural components.
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The FEA component allows
detailed time dependent
failure analysis to be assessed
for all components forming
the structure and allows
detailed assessment up to the
point at which the structure is
no longer self supporting and
failure mechanism begins. For
complex structures such as
cut and cover (C&C) tunnels,
this is crucial to determine the
weakest element.
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Continued on next page
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For complex structures such as cut and cover and immersed tube tunnels, specific failure criteria can be derived for individual
structural components.
The CFD and FEA approach has been accepted by the European tunnel community as current best practice in assessing
structural resilience of tunnels. It has been presented at various symposia on catastrophic fires in tunnels.
Figure 3 Structural beams for tunnel systems

Real beam
Subdivided beam
			

2.2.6

Mechanical model,
Mechanical model
truss elements		

Mesh for thermal
analysis, 2D

UPTUN WP4 tunnel system structural response

Objectives and results of analysis by Efectis Building & Construction Research in collaboration with UPTUN are:
l Insight into the structural performance of loadbearing elements
l Define structural procedures to reduce critical behaviour
l Investigate damage mitigation of the loadbearing structures
l Preserve the functional characteristics of structures
l Optimise repair and recovery procedures.
Please contact Promat for more information.
Following consequential analysis, a full assessment of Risk Reduction measures can be evaluated. If the analysis concludes
that no significant structural damage is likely to occur, then no Risk Reduction measures are required. However, if the analysis
concludes that severe structural damage is likely as a consequence of the fire magnitude derived from the Risk Analysis, Risk
Reduction measures will then be required.
Output from this tool allows the performance requirements for each component forming the tunnel, structure to be determined,
resulting in an optimisation of the Risk Reduction measure. This enables the designer to provide the most cost effective solution
for benefit of the stakeholder.
This approach, once again pioneered following the introduction of the European Directive has been used universally throughout
Europe to assess the performance of tunnel structures.
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2.2.7

Economic & Environmental impact

Another factor in assessing the structural resilience of tunnels
is the need to assess the economic and environmental impact
following failure due to fire.
As described on page 6, the loss of tunnel operations
due to structural collapse can have severe economic and
environmental impact on local and national communities.
Promat, in collaboration with an independent consultant, has
developed a model which allows an economic dis-benefit
analysis for any tunnel to be assessed. This analysis determines
the potential loss in operational revenue and combined with
the Computational Fluid Dynamics (CFD) and Finitel Element
Analysis (FEA) model, the environmental and economic
impact to the community and country to be evaluated. This
could be a major factor in assessing the need for structural or
asset protection against the risk of fire.

2.2.8

Risk Reduction Measures

In real terms, for existing tunnels, there are TWO (2) main
approaches to introducing Risk Reduction Measures:
1) Spray applied solutions (as discussed in this document)

2.2.9

Conclusion

Existing European Legislation and Current Best Practice
(PIARC) requires tunnel stakeholders to assess structural risks
in their particular tunnel. Current experience suggests that all
stakeholders should assess these structural risks by the use
of risk assessments. However, Risk assessments do not fully
assess the complete understanding of the risk and therefore
consequential analysis is required.
The suite of Design Tools developed by Promat, along with
an independent consultant and Efectis laboratories, serve to
assist stakeholders to appreciate their obligations regarding
Legislative Requirements and Best Practice.
The Design Tools include:
l Quantified Risk Assessments
l CFD and FEA Analysis
l Economic and Environmental Impact Analysis
l Design of Risk Reduction Solutions
These tools will also allow Promat to work through team
integration with stakeholders in assessing the probability,
magnitude, consequence, economic and environmental
impact of the fire risk for any type of tunnel. Stakeholders
will be enabled to fully assess, through a Risk Management
process, compliance with the European Directive and engage
in current best practice.

2) Board lining applied methods (see a separate document)
Output from the CFD & FEA analysis will set the design
constraints for either solution and may even be a combination
of both types in order to provide the best and cost effective
approach for any specific tunnels. Cafco FENDOLITE® MII
integrated fire resistant spray application for tunnel structure
is the best solution for flexibility and assurance of protection.

11

TUNNEL & UNDERGROUND STRUCTURE FIRE PROTECTION

2.3

Spalling

Information of this section is sourced from Efectis BV The
Netherlands.
Spalling is an umbrella term, covering different damage
phenomena that may occur in a concrete structure during fire.
These phenomena are caused by different mechanisms: pore
pressure, thermal gradient, internal thermal micro-cracking,
cracking around reinforcement bars and strength loss due
to chemical transitions. In different combinations of these
mechanisms, possible spalling phenomena include violent
spalling, progressive gradual spalling, explosive spalling,
corner spalling and post cooling spalling can occur.
Spalling of concrete during fire causes serious damage to
concrete structures, with significant economic costs and risk to
human life. New developments in concrete technology such
as improved grain size distribution and the application of extra
fine particles have resulted in concrete types with improved
durability, strength and workability. However, these high
performance concrete types have been shown to be more
susceptible to spalling during fire than ordinary concrete
types. The problem of spalling in buildings has been known
for decades and further highlighted by recent intense tunnel
fires in Europe. As a consequence of severe damage due to
spalling and the non-operational time of tunnels after a fire,
the fire resistance of newly developed concrete types has
been questioned.

2.3.1

Heating rate and internal stresses

During a tunnel fire, air temperatures can rise to over 1300°C
within just a few minutes. Compared to building fires, this is
a much more severe situation, giving a large thermal shock to
the structure. For the design of buildings, there is worldwide
agreement on the use of the ISO-834 “standard” fire, which
prescribes a slower temperature development. This and a few
other design fire curves for tunnels are shown in page 21
(Figure 9). Although usually a less expensive solution is obtained
by using a lower fire curve, this may well lead to unsafe situations.
Full scale tunnel fire tests carried out by the UPTUN consortium,
for example, have shown that fire temperatures may quickly reach
1300°C to 1400°C. This is a critical issue because many insulation
materials cannot withstand temperatures above 1200°C or may
be unable to withstand the thermal shock of such a rapidly
developing fire, and may therefore be unsuitable for protection
of a tunnel lining.
During heating, stresses develop inside the concrete crosssection. Thermal gradients and moisture pressure lead to
mechanical stresses that may cause internal and external
cracking as well as spalling of concrete.

2.3.2

Spalling of concrete

Often when concrete is damaged in a real fire the damage is
called spalling. In many cases this is not correct. Other failure
mechanisms such as shear failure can also lead to severely
damaged concrete.
“Real” spalling can occur in different forms, each of which is
caused by a specific combination of the following mechanisms:
l Pore pressure rises due to evaporating water as the
temperature rises.
l Compression of the heated surface due to a thermal
gradient in the cross section.
l Internal cracking due to differences in thermal expansion
between aggregate and cement mix.
l Cracking due to differences in thermal expansion/
deformation between concrete and reinforcement bars.
l Strength loss due to chemical transitions during heating.

The mechanisms act on different scales:
i)

Macro-level
Concrete considered as a grey homogeneous material with
uniformly distributed material properties. On this level, the
thermal stresses that result from the thermal gradients over
the cross section must be considered, taking into account
the actual geometry, support conditions and loading
configuration.

ii) Meso-level
Concrete considered as a mix of aggregate and cement
mix, each with its own material properties. On this level, the
cracking due to differential thermal expansion between
aggregate, mortar and reinforcement must be considered.
iii) Micro-level
Cement mix, aggregate particles or interface layers
considered as a mix of chemical constituents. On this level,
the pore pressures and the degradation of mechanical
properties due to chemical transitions and dehydration
must be considered.

During fire tests the observations of spalling of concrete cover
a wide range. These are such as follows, in random order, and
so on:
l Observation of spalling with slow (1°C/minute) or fast
(250ºC/minute) heating, from gradual to explosive spalling,
cracking along or through aggregate grains.
l Spalling in the beginning of the fire or after some time.

Spalling of concrete is one cause of damage to the structure.
Other causes of damage that develop during fire exposure
are internal cracking, irreversible plastic and creep strains and
chemical transitions. These forms of damage might eventually
lead to collapse due to a failure mechanism like bending,
shear, anchorage or buckling.

12

l Stopping after some time or progressing.
l Stopping at the reinforcement level or continuing far
beyond it.
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The different observed spalling phenomena are described herein, including their relationship to the previously mentioned
mechanisms (Breunese & Fellinger, 2003). Below is a summary of the important relations between mechanisms and spalling
phenomena:

2.3.2.1 VIOLENT SPALLING

√

√

2.3.2.2 SLOUGHING OFF

Cracking
due to different
thermal
deformation
of concrete-steel

√
√

2.3.2.3 CORNER SPALLING
2.3.2.4 EXPLOSIVE SPALLING

Strength
loss due to
chemical
transitions

2
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Type of spalling

Internal cracking
Pore
Compression
due to different
pressure
due to
thermal expansion
due to
thermal
of aggregate
evaporation
gradient
cement paste
of moisture

√
√

√

2.3.2.5 POST COOLING SPALLING

√
√

√

2.3.2.1 VIOLENT SPALLING

2.3.2.4 EXPLOSIVE SPALLING

Violent spalling is the separation of small or larger pieces
of concrete from the cross section, during which energy is
released in the form of pieces and small slices of concrete
popping off with a certain speed, and also a popping or
cracking sound. This type of spalling is caused by pore
pressure and thermal gradients. Internal cracking on the
meso-level also influences this spalling process. The surface
compression during heating can increase due to lateral
restraint, reinforcement, prestressing, large concrete thickness
and a high heating rate. Pore pressures are dependent on
heating rate, moisture content, permeability, porosity and
the presence of polypropylene fibres (artificial permeability).
Furthermore, an increased ductility of concrete by the addition
of steel fibres has sometimes been reported to reduce the risk
of this type of spalling. (Fellinger & Both, 1997)

Explosive spalling is the result of a combination of rising
pore pressures and thermal gradients in the cross-section.
At the front of heat penetration, a “moisture clog” (an area
with high pore pressure) develops inside the concrete. Part
of the moisture is pushed further into the colder part of the
concrete due to the pressure gradient at the back of the clog.
If the heated surface is under compression due to a thermal
gradient, the complete heated surface may explode away with
a loud bang. This type of spalling is especially likely to occur
on structural members heated from more than one side, such
as columns and beams.

2.3.2.2 PROGRESSIVE GRADUAL SPALLING			
(SLOUGHING OFF)
Sloughing off is the form of spalling that is caused by strength
loss due to internal cracking (mesolevel) and chemical
deterioration of the cement mix (micro-level). This type of
spalling is related to the attained temperature of the concrete
(instead of heating rate). If the concrete is heated to a very
high temperature the strength will be too low to carry its own
weight, causing small pieces of concrete to fall down without
much sound. This type of spalling is likely to occur on a slab
heated from below, since gravity will force the cracked pieces
of concrete from the cross section.

2.3.2.3 CORNER SPALLING

When moisture clogs are advancing into the concrete from
all heated sides, at some point in time the moisture clogs will
meet in the centre of the crosssection, creating a sudden rise
in pore pressure which may cause large parts of the crosssection to explode. This type of spalling can also occur after a
considerable duration of the fire even if the concrete surface
has been protected with an insulating layer. (Both, 1999)

2.3.2.5 POST COOLING SPALLING
Post cooling spalling occurs after the fire is over, after cooling
down or maybe even during extinguishing (Khoury, 2003). This
type of spalling was observed with concrete types containing
calcareous aggregate. An explanation is the rehydration of
CaO to Ca(OH)2 after cooling, when expansion of over 40%
occurs, and moisture is again present on the concrete surface.
The expansion due to rehydration causes severe internal
cracking on the meso-level and thus complete strength loss
of the concrete. Pieces of concrete keep falling down as long
as there is water to rehydrate the CaO in the dehydrated zone.

Corner spalling is the type of spalling that occurs when a corner
of concrete breaks off at the location of a reinforcement bar.
Inhomogeneous heating of concrete leads to a deformation
(ovalisation) of the concrete around the uniformly heated
reinforcement bar. This difference in deformation causes
splitting stresses in the concrete, leading to splitting cracks
that can cause the corner of a column or slab to break off.
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2.3

Spalling

2.3.3

Testing of spalling behaviour

For a spalling test, it is of great importance to simulate the practical situation as closely as possible in the test setup. Only in this
way is it possible to draw conclusions from the test although extrapolation of test results is difficult at best. Due to the variety in
spalling test results a test should always be performed twice in an identical lay-out. See below figure for example.
Figure 4 Test set up to determine spalling behaviour using a full scale tunnel segment

2.3.3.1 GEOMETRY, PRESTRESSING, CONCRETE MIX AND		
MOISTURE LEVEL
For the concrete it is important to use the concrete mix and
geometry as will be used in the real life conditions. The case
of precast circular segments, preferably segments made in
the factory should be used. For spalling, the prestressing level
is important, and should resemble the actual situation. The
moisture level of the concrete should be at least as high as it
will be in reality. In general, a specimen with higher moisture
content is more likely to spall and therefore give a more
conservative test result.

2.3.3.2 AGE OF THE SPECIMEN
The specimen must be old enough to have a moisture
content close to the actual situation. This is necessary because
spalling is strongly influenced by free water content, porosity
and permeability. After 28 days much of the final strength
of concrete has been reached, but permeability is still
decreasing. For practical reasons it is of course impossible
to test segments of many years age. At Efectis laboratories
Netherlands, for example, the age of specimens at the time
of testing shall be a minimum 90 days as prescribed in test
procedure 2008-Efectis-R0695.
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2.3.3.3 FURNACE TEMPERATURE
The fire test must be carried out according to a suitable fire
curve. It is important to achieve the steep increase in the first 5
to 10 minutes of the test because this gives a high thermal shock
to the concrete. It is also important to achieve a sufficiently
high maximum temperature because some products used for
this purpose may start to decompose at around 1200°C.

2.3.3.4 INSULATION MATERIAL
If a protective layer, such as cementitious spray or board
material, is used, it is important to pay attention to the method
of fixing the material to the concrete surface. The details are
also extremely important and include covering of hollow
spaces in the concrete surface, while sufficiently protecting
objects that are fixed to the concrete.
For example, a road sign fixed to the tunnel ceiling with
steel bolts in fact forms a penetration of the protection layer
and may locally introduce heat into the concrete, leading to
possible spalling.
Once spalling starts in such a small region, pieces of spalling
concrete may rapidly push away the remaining protection
material and leave the whole surface unprotected. For the
material of the protective layer, a low moisture content during
the test is recommended. This reduces the insulation capacity of
the material and thus gives a more conservative test result. The
layer thickness should be identical in both tests. Interpolation of
layer thicknesses is impossible for spalling tests!

TUNNEL & UNDERGROUND STRUCTURE FIRE PROTECTION

The latest investigations into the fire performance of concrete
show that even the addition of polypropylene fibres (PP fibres)
into the concrete mix will not always suffice to reduce water
vapour pressure, and thus can have little effect on reducing
the incidence of spalling.
It should also be noted that the majority of testing to date on the
performance of concrete with the addition of polypropylene
fibres has been to the standard cellulosic curve, and not to
the greater requirements of tunnel fire curves. Even for these
relatively low temperature rise fires, the proportion of PP fibres
to concrete mixture required is such that the concrete is often
very stiff and difficult to work. It should be further noted that
use of PP fibres will result in no provision of insulation to the
concrete against rapid temperature rise — which could result
in extensive internal and external cracking of the concrete —
even where spalling is alleviated, which can effect long term
durability of the concrete substantially. Care should therefore
be taken to ensure claims for the performance of PP fibres
are substantiated by adequate test evidence which shows
continuation of long term durability and no loss of concrete
strength.

2.3.4

Fire resistance of concrete

Research has shown that concrete structures suffer surface
spalling as a result of high compression stresses in the heated
outermost layers and by the generation of water vapour at
high pressure behind those layers. The probability of spalling
increases with compression stress and the moisture content of
the concrete. With a moisture content of over 3% of the mass,
the probability of spalling is virtually 100%. Explosive spalling
presents immediate risks to emergency response personnel
in fire situations as well as evacuating tunnel users and the
exposure of underlying steel can result in rapid deterioration
of strength and load capacity.
It should also be noted that concrete can be heated slowly and
spalling will not occur, or will be minimised. However, when
heated rapidly, precisely the type of fire seen in tunnels where
the onset of fire growth is extremely rapid, rising to very high
temperatures, the permeability of the concrete and the ability
of the moisture to find its way to the surface determines the
onset and severity of spalling.
Rapid rates of heating, large compressive and tensile stresses
or high moisture contents (over 5% by volume or 2% to 3%
by mass of dense concrete) can lead to excessive spalling
of concrete cover at elevated temperatures, particularly
for thicknesses exceeding 40-50mm. This water is not only
physically present (as moisture), but also chemically bound
within the concrete (hydrated water).
Such spalling may impair performance by exposing the
reinforcement or tendons to the excessive heat or by reducing
the cross-sectional area of concrete. Concrete types made
from limestone aggregates are less susceptible to spalling
than concrete made from aggregates containing a higher
proportion of silica, e.g. flint, quartz and granites, due to their

permeability. Concrete made from manufactured lightweight
aggregates suffer a lesser degree of spalling. The use of high
strength concrete has been introduced as it can reduce the
necessary thickness required to obtain a certain structural
performance. However, high strength concrete is particularly
prone to very severe spalling when exposed to fire. As the
thickness of the concrete has already been reduced due to its
higher strength, the effects of spalling are even more severe
than usual.
The latest investigations into alternative methods of protecting
concrete against spalling show that the incorporation of fine
denier engineered fibres of polypropylene into concrete will
— when added in specific volumes and distributed uniformly
— reduce the risk of tensile forces causing explosive failure to
parent concrete exposed to the most rigorous fire.
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2.3.3.5 POLYPROPYLENE FIBRES (PPF)

The addition of polypropylene fibres to the concrete require an
increased amount of plasticiser, the addition of air entraining
agents in order to stabilise the concrete and retardants to
prolong the concrete’s opening time during its application.
Results from fire research tests showed that for macro
synthetic reinforced concrete, the addition of polypropylene
fibres, with a recipe adjusted for this addition, spalling caused
by fire can be minimised. It was also found that the addition
of polypropylene alone is not enough to minimise spalling
as is often presumed. It should be noted very clearly that the
precise concrete recipe and the amount of polypropylene
fibres is of great importance.
Based on the opinions of a number of researchers, the use
of polypropylene fibres for any specific project should be
carefully considered, and the specific concrete mix being
used in the project subjected to fire testing to ensure the
proposed type, dimension and quantity of fibres will provide
the requisite fire performance.
As discussed in Section 2.4.3.4 that the majority of testing up
to the present time on the performance of concrete with the
addition of polypropylene fibres has been to the standard ISO
cellulosic curve, with a small number of tests performed to the
standard Hydrocarbon fire curve (1100°C) and the RWS fire
curve (1350°C). In addition, consideration must be given to
the fact that not all polypropylene fibres can be considered
equal. The fibres used should be identical to those tested with
the same concrete as that being used on the project.
Testing has shown that the use of recycled plastic as
polypropylene fibres has less effect than purpose-made
materials. Care should therefore be taken to ensure claims for
the performance of any particular polypropylene or steel fibres
are substantiated by adequate evidence of their performance
under rapid growth, high temperature fire.

Continued on next page
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2.3

Spalling

2.3.4

Fire resistance of concrete

Unprotected concrete with a moisture content of over 3% of the mass will suffer surface spalling in a fire, probably after 5-30
minutes. It is also possible for aggregates in the concrete (e.g. quartz) to have undesirable effects on its behaviour in a fire.
The criteria for fire resistance has been drawn up by a number of official bodies. At the tensions at which reinforcing steel is
commonly used today, steel starts to lose strength at 500°C.

Figure 5 Influence of elevated temperatures on concrete and steel
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Based on the requirements for exposure to an RWS fire curve:

Other criterias:

l Temperature on the concrete interface should not
exceed 380°C (for some tunnels the limit of this interface
temperature could be considerably lower).

l The design of the tunnel section has an effect on fire induced
collapse.

RWS-2008-Efectis-R0695 refers to TWO (2) types of testing:
1) For thermal testing the criteria of failure is 380°C on the
interface and 250°C on the rebar.
2) For the spalling test it is a requirement to test the actual
concrete from the project and proving no spalling.

l Rectangular tunnels were typically constructed using a
grade C30/35 concrete. In more recent times C40/45 is
commonly used.
l Failure of rectangular structures is usually due to the
premature development of sagging plastic moment
caused by elevated temperatures of the concrete and the
reinforcement.
l Circular tunnels were constructed from segmented
reinforced concrete sections typically use a C50 grade
concrete or higher.
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2.3.4

Fire resistance of concrete

Other criterias:

Continued from opposite page
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l After
completion,
reinforcement
in circular tunnels is more or less
obsolete, only required to assist
handling during installation.
l The reinforcement in circular tunnels
is not required to take tension forces
in sagging moment because the
concrete is typically in compression.
l The higher strength concrete (C50)
suffers a higher percentage and
depth of spalling due to fine fillers
such as lime stone and fly ash, the
reinforcement will however help
retard the effect of explosive spalling.
l The depth of spalling under fire
conditions is much deeper on these
types of circular tunnels.

2.3.5

Figure 6 Spalling leading to premature collapse of the concrete		
after actual fire

Considerations when 		
applying protective materials

In the design of a system to protect
concrete, notwithstanding other design
requirements the following questions
need to be answered to determine the
correct material types to be used:
l What type of fire needs to be resisted
(e.g. time-temperature curve)?
l How long must the protected
structure survive (e.g. duration of
time-temperature curve)?
l What is the type of concrete (e.g. cast
in place, such as immersed or cut and
cover tunnels, prefabricated, circular
tunnels) in use?

Reinfo
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Cafco
®M
II c

crete
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Figure 7 Typical spray application of Cafco FENDOLITE® MII on concrete

l The moisture content of the concrete?
l The density of the concrete?
l The aggregates used in the concrete mix itself (e.g. silicious or calcareous)?
The period of time the structure has to be able to survive without failing and the type of fire to be withstood, together determine
the thickness of the protection that is required. The requisite protection material thicknesses will be found in the fire test reports
provided by the manufacturer of the protective lining materials. These same reports also give guidelines for the points of
attachment and the type of fixing to be used.
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2.4

Recent innovations in testing

2.4.1

Mobile furnace testing

Figure 8 Efectis full mobile
furnace with
segment

A mobile furnace is a gas fired insulated device (approximately
a 4 x 4 x 3-feet box) which is left open at one of the six sides
and can expose a surface to a pre-set time-temperature curve.
It has ventilation openings to control the combustible gasses
and extract these. It has a sleeve in the side in which a water
cooled furnace camera will be installed to be able to visually
monitor the performance and behavior of the exposed surface.

These tests should be compatible with the parameters of the
specific tunnel i.e.
l The concrete type and mix design
l The aggregate type (calcareous or siliceous)
l The tunnel diameter

The first generation of mobile furnaces were not able to run
RWS type fires, for which reason the expected interface timetemperature development was simulated. This was done by
running a lower fire curve, with a limited amount of thermal
protection on the concrete specimen. The second generation
of mobile furnaces however are able to run a full RWS curve, in
which case the expected thickness of the thermal protection in
practice will be applied for testing.

2.4.1.1 INTERFACE TEMPERATURE VS. REQUIREMENTS
The purpose of these tests are for manufacturers to
demonstrate that their proposed fire protection systems meet
the temperature requirements.
The advantage of the approach outlined above is that the
exact time related spalling temperatures can be defined and
that the exact thickness of the passive fire protection system
can be determined.
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l Anchor type, location, spacing, including washer details
l Joint and gap details between boards
l Mesh type and dimensions, applicable for spray systems
l Concrete surface preparation regimes

Preferably the determination of the exact thickness, based
upon the results of the mobile furnace tests, should be done
by means of Finite Element calculations.

TUNNEL & UNDERGROUND STRUCTURE FIRE PROTECTION

Mobile furnace tests can be conducted on site, not necessarily
in the tunnel, which removes the need for bulky pre-cast
segments to be transported to the test laboratory.

Key advantages of MobiFiRe®

The following is a brief description about the Efectis Group
and of the Efectis Mobile Furnace test procedure:

l Testing under fully realistic circumstances.

Efectis are the authors of the Rijkswaterstaat (RWS) standard for
testing of fire protection for concrete tunnel structures. Many
fire tests have been commissioned since the late 1970’s, and
the Efectis/RWS standard is globally recognized and forms the
basis of the relevant requirements in the NFPA 502 standard.
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l Avoid the cost of sending a team to witness a fire test.
Efectis is the expert in fire science, engineering, design and
modeling, risk analysis, testing, inspection and certification.
Efectis covers all fire safety capabilities and know-how in
testing and modeling around the world with offices and
laboratories located in France, The Netherlands, Spain, Turkey,
USA and the Middle East.

2
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l Freedom to choose the testing location.

l Possibility to test non movable existing structures, such as
monuments and tunnels.
l Cost effective selection of passive fire protection system.
l For existing structures, no necessity of 90 days drying time
of concrete slabs.
l Easy testing of different alternative fire resistance solutions
in real applications.

Projects with application of MobiFiRe®
2.4.1.2 THE MOBIFIRE® FURNACE
l Beveren railway tunnel, Antwerp, Belgium
In 2011, Efectis introduced the MobiFiRe® concept. MobiFiRe®
is a mobile fire resistance furnace for on-site testing. The main
reasons for its development were the possibility to assess the
fire resistance of concrete structures in existing situations,
to carry out a number of tests and therefore have a more
accurate result, and to avoid expensive and time consuming
transportation of large concrete tunnel segments to a fire
laboratory.
Different mobile furnaces were constructed to accommodate a
range of fire curves, up to the RWS fire curve for tunnels with a
maximum of 1350 ºC (2462 ºF). In the mobile furnaces, Efectis
have combined renowned expertise in fire resistance testing
with on-site testing. The result of this is a fast and flexible setup
which allows the fire test to be performed in a time frame of
only a few hours after arrival on site.

l Kennedy railway tunnel, Antwerp, Belgium
l Koningstunnel, The Hague, The Netherlands
l La Défense tunnel, Paris, France
l Maastunnel, Rotterdam, The Netherlands
l Venray town hall, The Netherlands
l Port of Miami tunnel, USA

Real-time filming from within the mobile furnace allows
continuous observation of the tested structure. This can be
used to support the analysis of the test. Even more importantly,
for concrete test objects observation of the structure enables
an instant “stop” of the test when concrete spalling begins.
Therefore the damage to the structure can be kept to a
minimum. In most cases, only the first few millimetres of the
concrete surface need to be repaired.
The test surface of 1m² can be large enough to obtain reliable
test results, but small enough to prevent unnecessary damage
to the structure. The mobile furnaces can be applied to all
kinds of structural elements, such as ceilings, floors, roofs and
walls, and is suitable to operate safely even in stand-alone
mode with its own gas and electricity supply, data logger and
measurement computer.
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3.1

Research & Development drives growth of sophisticated fire protection technologies

Fire protection is divided into two broad categories. These are
described as “active” and “passive” systems.
Active fire protection measures are those that use an integrated
system consisting of sprinklers and alarms that require
electricity, adequate water supply and human intervention to
realise their potential in fire situations. Passive fire protection
systems do not require power water or human intervention to
operate in the event of a fire. They are designed and built into
the structure to protect on demand, as and when necessary.
It is the research and development of passive fire protection
that Promat has devoted many years and considerable
resources. Today, Promat is long recognised worldwide as
the leading provider of passive fire protection systems, a
reputation reinforced by more than six decades of cutting
edge research and development.
Promat runs continual investigation programmes at the
Innovation & Technology Centre (ITC) in Avignon, France.
The ITC testing laboratories are accredited to EN45001. Its
furnaces are state-of-the-art and offer multiple possibilities
for the testing of construction systems under development.
Promat also has R&D facilities in Austria, Australia, Belgium
and Malaysia, which are used extensively to ensure all Promat
systems are suited to the global markets we serve.
All Promat materials are manufactured in accordance with
accredited EN ISO9001: 2000 and ISO14001 quality and
environmental management systems. Comprehensive testing
of all Promat products and systems
has been carried out by independent
and nationally approved laboratories
around the world in order to
meet the relevant sections of
2008-Efectis-R0695 (RWS), BS476, AS1530, EN, ISO etc, as
well as many other international test standards.
The accumulated knowledge and technical expertise is
available to all clients and customers who specify Promat
passive structural fire protection. Full technical and sales
support teams are available to provide information and
assistance to help in the design and installation of all Promat
fire protection solutions.
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Passive + Active — A holistic approach
In some countries, risk and cost benefit analyses are used to
consider the application of Fixed Fire Fighting System (FFFS)
as a measure to assist in making infrastructure both safer,
and more durable in the event of an incident. However, for
various political, economic, technical, and social reasons,
it is recognised that FFFS may not be the most appropriate
measure to adopt in all circumstances.
These reasons can include where a road tunnel has a
dedicated fire service to provide a similar response in a timely
manner, where government directive asserts that FFFS will
not be applied in that particular country’s tunnels, or where
FFFS will not be maintained and operated to the degree of
reliability and availability required. Where FFFS are installed, it
is critical that they be correctly designed, installed, integrated,
commissioned, maintained, tested, and operated with a high
level of reliability and availability, so that the systems are
available for use as required.
FFFS reacts to conditions caused by a fire such as heat, smoke
or light and then tries to control the blaze. This is usually
done either by drenching via a sprinkler system, by creating
a warning via a smoke alarm, or by activating a fire defence
system such as a fire curtain amongst others.
FFFS systems are undoubtedly very effective, but have the
inherent disadvantage of being dependent upon each of the
various elements of the chosen system working, as and when
they should. Any vandalism of the water feed mechanism,
damage to the operating valves, lack of maintenance or simply
ignorance, can render the system inoperative. It would be
unwise, therefore, to construct a tunnel’s fire defence around a
single system that cannot always be guaranteed.
A passive fire protection system, insulates the structure against
exposure to extreme heat from fire, thereby preventing the
tunnel from any type of collapse. Such protection can buy
significant time for the tunnel users to escape.
It is also the time in which fire fighting services can arrive at the
scene, safely enter and remain in the tunnel in order to contain
and extinguish the conflagration.
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Maximum RWS (60 minutes).......1350°C
Concrete melted (HCM).......1300°C
Melting starts...........................................................1200°C
• Most ordinary building materials
• Insulation disintegrates
Melting copper.......1080°C
Ceramic binding, total loss of water hydration...1000°C
Melting brass.........900°C
∆T 30 minutes standard fire.........822°C
800°C
00°C
Melting starts..............................................................8
Dissociation of calcium carbonate.........700°C
Melting aluminium.........657°C
Marked increase in.....................................................
........................
.
600°C
6
α-β quartz.........573°C
“basic” creep i.e. α-β quartz
transition
expansive inversion

400°C
Start of siliceous concrete strength loss....................300°C
EPS melting.........240°C

200°C
2

Boiling water.........100°C
Hot summer...........40°C
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TEMPERATURE (°C)

Melting steel alloys.... >1400°C

2

2

1

1

1

7

3

60 min

RWS, Rijkswaterstaat (The Netherlands)
HCM, Modified Hydrocarbon (France)
HC, Hydrocarbon (Eurocode 1)

Many passive fire protection materials also provide added
benefits such as thermal and acoustic insulation. However, to
optimise fire protection, active and passive systems should
be seen as complementary, not competitive. Legislation
frequently recognises this by allowing them to work in tandem.

3.2

Design fire

In recent years, a great deal of research has been undertaken
internationally to ascertain the types of fire which can occur
in tunnels and underground spaces. This research has taken
place in both real tunnels, and under laboratory conditions. As
a consequence of the data obtained from these tests, a series
of time/temperature curves for the various exposures have
been developed and are detailed in Figure 9.
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Figure 9 Comparison of time-temperature curves and the behavior of some common materials at high temperatures
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ISO 834, Cellulosic for buildings

Whilst research in tunnel fire phenomena continues, it should
be noted that existing data indices show that the severity of
fires within tunnels is higher than would be experienced in
open air conditions as well as normal buildings. By comparing
heat release rate (HRR) data (understood by many to be a good
measure of fire severity) from tests carried out on different
vehicle types, wooden crib fires, fuel oil tray experiments etc,
and comparing the results from tests within tunnels to those
with the same tests carried out in the open air, the conclusion
is that a tunnel can increase the HRR for a given fire load by up
to four times. Further experimentation shows that the increase
will vary with the ratio of the fire width to the tunnel width in a
cubic manner.
The methods of ventilating a tunnel can also have a marked
effect on the HRR of the burning items, and thus should be
factored in to any proposals when designing the type and
period of fire protection being specified.

21

INTERNATIONAL REGULATIONS FOR TUNNELS

3.2

Design fire

3.2.1

Cellulosic fire curve

Standard fire tests to which most specimens of elements
of construction are subjected are based on the use of the
Cellulosic time-temperature curve, as defined in various
national standards, e.g. ISO 834, E119, BS 476: Part 20, DIN
4102 and AS 1530. Although there are other types of fire test
curves, e.g. BS 7436, the curve as detailed below is the lowest
used in normal practice. This curve is based on the burning
rate of the materials found in general building materials and
contents.
Cellulosic fire curve

Table 1
Time

Furnace
temperature

Time

Furnace
temperature

0 minute

20°C

90 minutes

1006°C

5 minutes

576°C

120 minutes

1049°C

10 minutes

678°C

150 minutes

1082°C

15 minutes

738°C

180 minutes

1110°C

20 minutes

781°C

210 minutes

1133°C

30 minutes

842°C

240 minutes

1153°C

45 minutes

902°C

300 minutes

1006°C

60 minutes

945°C

360 minutes

1006°C

The time period for Cellulosic fires, with durations of tests up
to six hours, is far in excess of those for Hydrocarbon and RWS
fires. However, the much slower rise in temperature leads to
much less damage on concrete structures. The temperature
development of the Cellulosic fire curve is described by the
following equation:
T = 20 + 345* Log (8*t + 1)

3.2.2

HC, Hydrocarbon fire curve

Although the Cellulosic fire curve has been in use for many
years, it soon became apparent that the burning rates for
certain materials, e.g. petrol, gas, chemicals etc, were well in
excess of the rate at which, for instance, timber would burn.
As such there was a need for an alternative exposure for the
purpose of carrying out tests on structures and materials used
within the petrochemical industry. Thus the Hydrocarbon fire
curve was developed. Initially, this time-temperature curve
was developed separately by various gas and oil companies.
All had slight differences.
However, the curve as detailed in page 21 (Figure 9) reflects
the relationship between time and temperature generally used
in contemporary testing today. The Hydrocarbon fire curve is
applicable where small petroleum type fires might occur, e.g.
car fuel tanks, petrol or oil tankers, certain chemical tankers.

Although the Hydrocarbon fire curve is based on a standardised
type fire, there are numerous types of fire associated with
petrochemical fuels, some of which are detailed below:
l Cloud fire
A transient fire resulting form the ignition of a cloud of gas
or vapour and not subject to significant flame acceleration
via the effects of confinement or turbulence. It can therefore
only occur after a relatively slow release of hydrocarbon and
in an open, free space.
l Fireball
The rapid turbulent combustion of fuel as an expanding,
usually rising ball of flame. It is more intense than a cloud
fire and can be close to an explosion.
l BLEVE
A Boiling Liquid Expanding Vapour Explosion which results
from the sudden failure of a vessel containing a pressurised
liquid at a temperature well above its normal (atmospheric)
boiling point, e.g. LPG tanker.
l Pool fire
A turbulent diffusion fire burning above a horizontal pool of
vapourising fuel under conditions where the fuel vapour of
gas has zero or little initial momentum. A burning pool fire
is extremely difficult to control. It may accompany a jet fire
where burning liquid is spilling from the jet stream.
l Running fire
A fire from a burning liquid which flows by gravity over
surfaces, such as following the slope or camber of a road
tunnel.
l Spray or jet fire
A turbulent diffusion flame resulting from the combustion
of a fuel continuously released with some significant
momentum in a particular direction.
Table 2

Potential duration of fire
Fire types

Potential duration

Cellulosic fire

Hours

Hydrocarbon fire, cloud fire

Seconds

Hydrocarbon fire, fireball or BLEVE

Seconds

Hydrocarbon fire, pool fire

Hours

Hydrocarbon fire, running fire

Hours

Hydrocarbon fire, spray fire

Hours

Hydrocarbon fire, jet fire

Minutes

Hydrocarbon fires are different from Cellulosic in the manner
in which the temperature increase is far more rapid and that
after the initial 30 minute rise, the temperature follows an
almost straight horizontal line. It is the rapidity of the rise in
temperature that poses the greatest risk to a tunnel structure.
The temperature development of the hydrocarbon fire curve
is described by the following equation:
T = 20 + 1080* (1 - 0.325*e-0.167t - 0.675*e-2.5t)
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3.2.4

HC, Hydrocarbon fire curve

Time

Furnace
temperature

Time

Furnace
temperature

3 minutes

887°C

60 minutes

1100°C

5 minutes

948°C

90 minutes

1100°C

10 minutes

1034°C

120 minutes

1100°C

30 minutes
1098°C
>120 minutes
1100°C
The figures given in above table should not be confused
with those relating to those of the Modified Hydrocarbon fire
curve in below table now used in some countries. The latter
has a temperature rise similar to that of the RABT, but with a
higher maximum temperature, reaching 1300°C, only slightly
under that achieved using the RWS curve. This Modified
Hydrocarbon exposure is part way between RWS and RABT
requirements and is much more severe than exposure to the
standard Hydrocarbon fire curve detailed within such standards
as UL 1709, AS 1530: Part 4: Appendix B, BS 476: Part 20:
Appendix D etc. The temperature development of the Modified
Hydrocarbon fire curve is outlined by the following equation:
T = 20 + 1280* (1 - 0.325*e-0.167t - 0.675*e-2.5t)
HCM, Modified Hydrocarbon fire curve

Table 4
Time

Furnace
temperature

Time

Furnace
temperature

3 minutes

1047°C

60 minutes

1300°C

5 minutes

1120°C

90 minutes

1300°C

10 minutes

1222°C

120 minutes

1300°C

30 minutes

1297°C

>120 minutes

1300°C

3.2.3

RABT-ZTV-ING fire curve

The RABT-ZTV-ING fire curve was developed in Germany as
a result of a series of tunnel fire test programmes such as the
Eureka project. In the RABT-ZTV-ING curve, the temperature
rise is very rapid up to 1200°C within five minutes, faster than
the Hydrocarbon fire curve which rises to 1100°C. The duration
of the 1200°C exposure is shorter than other curves with the
temperature drop-off starting to occur at 30 or 60 minutes,
see page 21 (Figure 9). The RABT-ZTV-ING fire curve can
be adapted to meet specific requirements. In testing to this
exposure, the heat rise is very rapid, but is only held for a period
of 30 minutes, similar to the sort of temperature rise expected
from a single truck fire, but with a cooling down period of 110
minutes. If required, for specific types of exposure, the heating
period can be extended to 60 minutes or more, but the 110
minute cooling period would still be applied. The inclusion
of the controlled cooling period after the 30 and 60 minute
period or heating is very important, as the cooling process
can often lead to rapid deterioration of the concrete or any
protection system.
Table 5

RABT-ZTV-ING fire curve

Time

Furnace
temperature

Time

Furnace
temperature

0 minute

15°C

30 minutes

1200°C

5 minutes

1200°C

140 minutes

15°C

RWS (Rijkswaterstaat) fire curve

The RWS fire curve was developed by the Rijkswaterstaat in
the Netherlands. This curve is based on the assumption that in
a worst case scenario, a fuel oil or petrol tanker with a fire load
of 300MW lasting up to 120 minutes could occur. The RWS fire
curve was based on the results of testing carried out by TNO
in the Netherlands in 1979.
The difference between RWS and Hydrocarbon fire curves,
bearing in mind that they both use similar fire load materials,
is that the latter is based on the temperatures that would be
expected from a fire occurring within a relatively open space.
Where some dissipation of the heat occurs, however, the RWS
fire curve is based on the level of temperature expected when
a fire occurs in an enclosed area, such as a tunnel, where there
is little or no chance of heat dissipating into the surrounding
atmosphere. The RWS fire curve simulates the initial rapid
growth of a fire using a petroleum tanker as the source, and
the gradual drop in temperatures to be expected as the fuel
load is burnt off.
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Table 3

In the Netherlands, the RWS fire curve is applied for durations
up to 120 minutes, at which time it is assumed the fire load
has reduced sufficiently for fire fighting personnel to be
able to gain access to the source and start their attempts to
extinguish the fire. However, in Switzerland, where tunnels
through mountains tend to be far longer in length and more
remote in location, the RWS fire curve is also applied, but
often extended to 180 minutes exposure. The failure criteria
for specimens exposed to the RWS time-temperature curve
is that the temperature of the interface between the soffit of
the concrete and the protective covering should not exceed
380°C and the temperature on the reinforcement should not
exceed 250°C. For certain types of high performance, e.g.
high strength concretes, it has been found through testing that
interface temperatures as low as 200°C are required in order
to prevent the concrete from spalling.
In the context of a European research programme on tunnel
safety, comprehensive large scale tests were carried out in
the abandoned Runehamar road tunnel in the western part
of Norway in September 2003. Semi-trailer fires, similar in
size to the fires occured in both Mont Blanc and St. Gotthard
tunnels, were a particular consideration. The Runehamar tests
were conducted by the Swedish National Testing & Research
Institute (SP) in collaboration with partners UPTUN: TNO
Building & Construction Research from the Netherlands and
the Norwegian Fire Research Laboratory (SINTEF/NBL).
Table 6

RWS (Rijkswaterstaat) fire curve

Time

Furnace
temperature

Time

Furnace
temperature

3 minutes

890°C

60 minutes

1350°C

5 minutes

1140°C

90 minutes

1300°C

10 minutes

1200°C

120 minutes

1200°C

30 minutes

1300°C

>120 minutes

1200°C

See Appendix page 46 for the complete information of
Runehamar tests and gas temperatures in collaboration with
UPTUN: Large scale fire test in Runehamar Tunnel, Norway.
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3.3

Specification of NFPA-502 2017 Edition standard

Regardless of tunnel length, acceptable means shall be
included within the design of the tunnel to prevent progressive
collapse of primary structural elements in accordance with this
standard to achieve the following functional requirements in
addition to life safety:

l The temperature of the concrete surface does not
exceed 380°C (716°F).
l The temperature of the steel reinforcement within the
concrete (assuming 25mm/1 inch) does not exceed
250°C (482°F).

l Support firefighter accessibility
l The lining temperature for steel or cast iron structural
elements will not exceed 300°C (572°F).

l Minimize economic impact
l Mitigate structural damage
The structure shall be capable of withstanding the temperature
exposure represented by the Rijkswaterstaat (RWS) timetemperature curve or other recognized standard time
temperature curve that is acceptable to the Authority Having
Jurisdiction (AHJ) after an engineering analysis.
During a 120 minute period of fire exposure the following
failure criteria shall be satisfied:
i)

Regardless of the material the primary structural element is
made of, irreversible damage and deformation leading to
progressive structural collapse shall be prevented.

ii) Tunnels with concrete structural elements shall be designed
such that fire-induced spalling, which leads to progressive
structural collapse, is prevented.

Structural fire protection material, where provided, shall satisfy
the following performance criteria.
a) Tunnel structural elements shall be protected to achieve
below performance:
l The concrete is protected such that fire-induced spalling
is prevented.

b) The material shall be non combustible in accordance
with ASTM E136 (standard test method for the behaviour
of materials in a vertical tube furnace at 750°C) or by
complying with internationally accepted criteria acceptable
for the AHJ when tested in accordance with:
l ASTM E2652 (standard test method for the behaviour
of materials in a tube furnace with an air flow stabilising
cone shaped 750°C),
l ISO 1182 (reaction to fire tests for products — non
combustibility test) or
l BS 476: Part 4 (non combustibility test for materials).
c) The material shall have a minimum melting temperature of
1350°C (2462°F).
d) The material shall meet the fire protection requirements
with less than 5% humidity by weight and when fully
saturated with water, in accordance with the approved
time–temperature curve.
Cafco FENDOLITE® Mll Vermiculite & Portland Cement based
wet mix spray fire protection system meets or exceeds the
requirements of NFPA-502 2017 Edition Standard for road
tunnels, bridges and other limited access highways.

TEMPERATURE

Figure 10 Rijkswaterstaat (RWS) time-temperature curve in accordance with NFPA-502 2017 Edition Standard for
road tunnels, bridges and other limited access highways
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Time-temperature curve versus Megawatts

Information of this section is sourced from ITA Working Group
6 — Structural fire protection for road tunnels, Report No. 18.
April 2017.
In the fire specifications of tunnel projects, the performance
of the fire protective lining and other passive fire protection
measures, is described.
Passive structural fire protection systems are first of all based
on a design fire curve in terms of temperature development
over time as the thermal attack to the system. On the other
hand there are the thermal failure criteria of the structure
or system that requires protection, described as maximum
exposure temperatures to certain elements of the structure.
The required thermal protection can be selected using these
parameters.
It is therefore imperative to prescribe the selected design fire
curve in the fire specifications of the tunnel project, along
with the thermal failure criteria. The thermal failure criteria
can sometimes be derived from fire testing procedures and
standards.
In some cases only the Heat Release Rate (HRR), along with the
fire duration, is mentioned in the project requirements, without
any guidance as to the time–temperature development. This
brings up the question of how to convert a HRR figure to a
design fire curve. For example, which fire curve represents 100
MW for 4 hours?
In fact there is no direct physical relation between HRR and
time-temperature, so to answer the question, the following
issues need to be addressed:

3.4.1

In this case the overall effect of increasing the ventilation
speed may be a lower thermal attack to the system. Therefore
it is not clear, whether mechanical ventilation will increase or
decrease the thermal attack.

3.4.3

If the fire is located near the entrance or exit of the tunnel tube,
the heat can escape from the tunnel and can dissipate into the
surrounding atmosphere. Should the fire be located in the
centre of the tunnel, the heat is trapped and will start to heat
up the walls and ceiling, which in return will radiate the heat
back into the tunnel.
This is also related to the length of the tunnel. In a short tunnel
the heat can quickly find its way to one of the exits, decreasing
the temperature in the tunnel.

3.4.4

3
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Gradient

The gradient or slope of the tunnel influences the so called
chimney-effect. If the tunnel has no gradient the heat and
smoke will spread through the tunnel in the same direction
as the ventilation direction. In case of a low ventilation speed
the heat will build up at the location of the fire, leading to an
increase in temperature.
With a gradient of say 5% the heat and smoke will climb
upwards. If in that case the ventilation goes into the same
direction, the heat will be taken from the fire location even
quicker, reducing the temperature development at the fire
location.

Height and width of the tunnel
3.4.5

A fire in a high tunnel will build up less heat as opposed to
a fire in a tunnel with a small cross sectional area. In a large
tunnel, the air volume that needs to be heated is larger and
also the surface area of the walls and ceilings is larger, and is
therefore able to absorb more heat.

Time/duration of the fire

Depending on the amount and type of combustible materials
being involved in the fire, the fire duration will be influenced,
along with the temperature rise in the first minutes.

3.4.6
3.4.2

Location of fire in the tunnel
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3.4

Recent research and modelling

Ventilation speed

Ventilation systems in tunnels are an important part of the
holistic fire safety concept. Full scale fire tests have shown
that an increased ventilation speed in the tunnel tube will
most likely increase the fire size and can potentially induce
fire spread from one vehicle to the other. The maximum Heat
Release Rate for solid materials can increase by a factor of 1.4
to 1.7 compared with a fuel burning outside a tunnel. The fire
growth rate may increase much faster, or by factor of 6 or more.
By increasing the ventilation speed additional oxygen is fed to
the fire source and thereby tilting the flames so the risk for fire
spread between vehicles increase. A slower ventilation speed
reduces the fire size and fire growth rate but the duration of
the fire will be prolonged. Ventilation speed also influences
the gas temperature in the tunnel. For a given fire size and fire
duration increasing the ventilation speed will either increase
or decrease the gas temperature.

If all the above parameters would be known, an advanced
Computational Fluid Dynamics (CFD) calculation would
have to be made in order to come to an understanding of
the temperature development in a certain fire scenario. The
complexity of CFD calculations, especially when aimed at
accurate predictions of temperatures, makes them not always
the first choice when doing performance based design.
Using tables and predetermined time-temperature curves is
the most simple and robust method. There may however be
situations or projects, where more efforts are needed, and
then a CFD may be an option. This can be the case if one wants
to investigate a specific type of scenario involving multiple
vehicles under a very critical infrastructure. The interest may
be in analysing the effects on the construction, not in the point
where the fire started, but further downstream if the fire spread
to other vehicles. Here CFD is a possible option.
Continued on next page
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3.4

Time-temperature curve versus Megawatts

3.4.6

Recent research and modelling

There are also other intermediate solution available, namely
engineering models that correlate the heat release rate to
the ceiling gas temperature. These engineering models can
be used in pure performance type of design, and it should be
encouraged that designer starts to use such approaches.
Recent research has however revealed the possibility to
calculate the maximum ceiling temperature, based on some
of parameters thus enabling the designers to convert their
conceptual tunnel design (based on the Heat Release Rate
curve and other data) to a maximum expected temperature
at the ceiling of the tunnel. Based on the simplified models,
they can be both very useful but also very susceptible to user
error. Amongst other reasons, the user has to understand to
which maximum ceiling temperature the model is limited. Very
Table 7

often the fire load in the models, including the more advanced
CFD modelling is positioned in middle of the tunnel (no flame
impingement on wall), which in almost all fire scenarios is not
typical. Another subject that the user needs to be aware of is
to which extent fire spread to other vehicles is accounted for
in the model.

3.4.7

Concerns about megawatt output of bus fires

There is a growing concern about the rather low megawatt
(MW) predictions of bus fires which are listed in several
national and international standards and guidelines.
See page 31 for more information and the result of jet
fire/hose stream testing conducted by Promat to anticipate
different fuels such as the MW output of bus fires.

Simplified models of Heat Release Rate (HRR)

Height of
tunnel

Elevation of
Area of fire
fuel-load

Heat Release Rate (HRR)

Maximum
temperature

Types of vehicle: Area of fire

4.5m

1

7.2m²

5MW

206°C*

Car: 1.6m x 4.5m

4.5m

1

9.0m²

15MW

558°C*

Minivan: 1.8m x 5.0m

4.5m

1

38.3m²

35MW

1006°C*

Bus (small/old): 2.55m x 15.0m

4.5m

1

38.3m²

50MW

1350°C

Bus (new/ski): 2.55m x 15.0m

4.5m

1

38.3m²

50MW

1350°C

LGV: 2.55m x 15.0m

4.5m

1

38.3m²

100MW

1350°C

HGV: 2.55m x 15.0m

* Higher if the flame touches the wall

3.5

Overview of various international performance requirements

Throughout the world, fire development in a tunnel will be the same under the exact same circumstances. In other words, how
would the fire know in which country the tunnel is located? The same applies to the structural lining and other materials that
should survive a tunnel fire, e.g. cables, fire doors. The same material will behave in the same manner under the exact same fire
circumstances, regardless of the country it is in.
In light of this commonality, a degree of harmonisation of fire protection requirements for tunnels might be a reasonable
expectation. However, below table indicates that there are still substantial differences in requirements, in terms of design fire
curves and thermal failure criteria for concrete protection. Although the EU research programmes (UPTUN, DARTS, FIT etc) have
contributed a lot to harmonisation, there is still much work to be done in this respect.
Country

Code/
standard

Traffic type

Fire curve

Construction
method

Concrete type

Austria

OVBB

All types

RWS, 3 hours

Any methods

All types

Any methods

All types

Bus (new/ski): 15m² @
2.55°C

Any methods

All types

T rebar <300°C

Temperature criteria
• T interface <350°C
• T rebar <250°C at 40mm
concrete cover

• N0: None
• N1: ISO 2 hours
France

CETU

Road

• N2: HCM 2 hours
• N3: ISO 4 hours
and HCM 2 hours

Germany
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RABT-ZTV

Road

RABT 30+110
cooling down

Rail

RABT 60/90+110
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Continued from opposite page

Country

Code/
standard

Traffic type

Fire curve

Construction
method

Concrete type

Temperature criteria

• L >1500m;
RABT 120+110
• L >500mm yet
≤1500m;
RABT 90+110

• RABT: T interface <380°C

• L ≤500mm;
HC, 2 hours
China

GB 50016

• L >3000m;
RABT 120+110
Non
hazardous
goods

Any methods

All types

• RABT: T rebar <300°C at
25mm concrete cover
• HC: T interface <380°C
• HC: T rebar <250°C at
25mm concrete cover

• L >1500mm yet
≤3000m;
RABT 90+110
• L >500mm yet
≤1500m;
HC, 2 hours
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Hazardous
goods

• T1: T rebar		
average <200°C,
maximum <250°C
• T1: T interface		
average <330°C,
maximum <380°C

Italy

UNI 11076

All types

RWS

Any methods

All types

• T2: T rebar		
average <250°C,
maximum <290°C
• T2: T interface		
average <380°C,
maximum <420°C
• T3: T rebar		
average <300°C,
maximum <350°C
• T3: T interface		
average <430°C,
maximum <460°C

RWS
The
2008-EfectisNetherlands
R0695

Singapore

UAE

UK

Road

RWS

• Immersed,
cut-andcover (C&C)
• Bored or
drilled

• Prefabricated

LTAS

Road, e.g.
KPE Tunnel

RWS

Immersed

Cast in place

Unspecified

Road, e.g.
Palm
Jumeirah
Tunnel

RWS

Cut-and-cover
(C&C)

Cast in place

• Immersed,
cut-andcover (C&C)

• Cast in place

BD78/99

Road

RWS

• Bored or
drilled

USA

• Cast in place

NFPA 502

Road

RWS

• Immersed,
cut-andcover (C&C)
• Bored or
drilled

• Prefabricated

• Cast in place
• Prefabricated

• T interface <380°C
• T rebar <250°C at 25mm
concrete cover
• No spalling
• T interface <380°C
• T rebar <250°C
• T interface <380°C
• T rebar <250°C
• T interface <380°C
• T rebar <250°C at 25mm
concrete cover
• No spalling
• T interface <380°C
• T rebar <250°C at 25mm
concrete cover
• No spalling
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4.1

Bored tunnel using concrete segments

Figure 11 Bored tunnel using concrete segments
A bored tunnel refers to a construction method for
tunnels which involves drilling a tube-like passage
through the earth. It usually refers to tunnelling
through rock, as blast tunnelling is no longer widely
used. Bored tunnels are created using a full face
boring machine which has cutting teeth at its front.
It creates the tunnel opening while passing waste
material through to the rear. Many types of tunnel
boring cut small sections which are progressively
enlarged. A full face tunnel boring machine (TBM)
cuts the complete cross section of the tunnel in one
pass.
The TBM consists of a long machine with a circular
cutting head that rotates against the face of the
tunnel. Attached to the cutting head is a series of
steel alloy disk cutters that gouge out the rock on
the face as the machine rotates. The cutting head is
pushed forward by hydraulic power. TBM provides
several advantages over drilling and blasting. The
tunnel can be bored to the exact size desired, with
smooth walls, thus eliminating the condition called
overbreak, which results when explosives tear away
too much rock.

Figure 12 Preparations to receive tunnel boring machine (TBM)

Figure 13 Reinforced shaft and TBM

The use of TBM also eliminates blasting accidents,
noise, and earth shocks. Workers need not be
concerned with fumes or noxious gases and
can clear away broken rock without stopping for
blasting intervals. A TBM can advance about 76
metres (about 250 feet) a day, depending on the
diameter of the tunnel and local geology. Despite
these advantages, TBM has some drawbacks. They
are very costly and the cutting head must be the
same diameter as that required for the tunnel.
Often the TBM is part of a long train of machines. At the rear are stored circular concrete sections, which are installed as the TBM
moves along its preplanned route. In this way, the tunnel is simultaneously lined as it is drilled.
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4.2

Immersed tunnel

The immersed tube is a construction method using
pre-fabricated tunnel sections. While the ends of
each section are sealed, it is lowered into position
under the water and attached to other sections. It is
sometimes called a sunken tube.
Another method of underwater tunnel construction
uses a caisson, or watertight chamber, made of
wood, concrete or steel. The caisson acts as a shell
for the building of a foundation. The choice of
one of three types of caissons — the box caisson,
the open caisson or the pneumatic caisson —
depends on the consistency of the earth and the
circumstances of construction. Difficult conditions
generally require the use of the pneumatic caisson,
where compressed air is used to force water out of
the working chamber.

Figure 14 Immersed tunnel

4

Another method of constructing underwater tunnels, such as those like the Noord tunnel in the Netherlands, have been built
by fabricating short tunnel sections in a trench in or near the riverbed or seafloor. Each section, after completion is then sealed
at the ends, floated out and located in position, where it is then sunk onto the river or sea bed. After submerging, the sections
are then attached in line by oversized bolts to the previously sunk section. Heavy, thick concrete walls prevent the tunnel from
floating once the water is pumped from the completed sections.

4.3
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Cut-and-cover (C&C) tunnel

Figure 15 Cut-and-cover		
(C&C) tunnel
A construction method which involves excavating a large trench, building a roof structure, then covering it with earth. Commonly
used for subways and in relatively flat locations.
The cut-and-cover method can also involve digging a trench, building the concrete floor, walls, and ceiling, or installing pre-cast
tunnel sections, and then refilling the trench over the tunnel. In built-up areas in cities, use of this method is often not possible.
Cut -and-cover method can be constructed in various ways. Examples of this method can be either top down or bottom up.
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Promat recognises that road tunnel linings may be required
to meet prescriptive light reflectance requirements. They must
also be resistant to regular mechanical cleaning operations to
remove surface contaminants such as dust from rubber tyres in
order to prevent flash fires from occurring.
An integrated system, based on Cafco FENDOLITE® MII, has
been developed to meet all these requirements. The product
is an inorganic coating based on exfoliated Vermiculite and
Portland Cement. Portland Cement acts as a binder, and the
exfoliated vermiculite is the aggregate which provides the
thermal performance and resistance to both hot and cold

5.1

Cafco FENDOLITE® MII may be applied directly to a concrete
or steel substrate or to a secondary expanded lath on complex
shaped linings. It is non combustible and produces no smoke
or toxic fumes during exposure to fire.

Sacrificial concrete

This common approach assumes that the extra thickness of
concrete, acting as a sacrificial layer, will prevent collapse of a
tunnel in fire because its structural integrity will be maintained.
After the Channel Tunnel fire, however, only 20mm of concrete
remained from the initial thickness of 400mm in the worst
affected area. Had the fire occurred in non-load bearing strata,
the tunnel would likely have collapsed.
Fire brigade reports also stated that fire-fighters were hit by
explosive spalling concrete. Concrete rubble blocked escape
routes and hot concrete burnt the soles of the fire fighters’ feet.
Although concrete has inherently good resistance to heat, it
will begin to deteriorate at temperatures above 380ºC over
long periods of time. Above 800ºC it will no longer possess
any viable compressive strength and will weaken further as it
cools when the fire is extinguished.
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thermal shock from simultaneous fire exposure and water
impingement from fire hoses or sprinklers. The material will
prevent concrete linings from spalling and structural steel
elements from weakening during exposure to the intense
heat generated in a tunnel fire. With the addition of a top coat,
this system will also be able to satisfy any prescribed light
reflectance and/or washability requirements.

The spalling process occurs rapidly in high intensity fires when
moisture within the concrete expands and creates extreme
pressure. When this pressure exceeds the strength of the
concrete, explosive spalling begins.
In bored tunnels the concrete normally used to form the precast, pre-stressed tunnel lining segments is of higher strength
than the type used in the C&C and immersed tube tunnels.
This high strength concrete will tend to spall at lower
temperatures due to the increased density and the lower
porosity of the mix. Since the lining thickness is usually less
than site cast concrete the effects of fire can have much
more severe consequences. The unpredictable behaviour of
concrete under fire exposure poses severe risks to fire and
rescue services and to the escaping public. Cafco FENDOLITE®
MII will eliminate these risks.
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Jet fire/hose stream testing
Many larger vehicles are relying on different fuels such as
Compressed Natural Gas (CNG) ITA Working group 6 go on
to say about buses:
“There is a growing concern about the rather low MW
predictions of bus fires which are listed in several national and
international standards and guidelines. Very little research has
been undertaken so far to substantiate these figures whereas
bus fires in practice have indicated to have larger MW outputs.
The authors therefore have little information to analyse in this
document but felt that this concern at this stage has to be
shared with the industry.
On top of that, buses are increasingly propelled using new
(more environmental friendly) energy carriers, such as CNG.
This comes with additional risks, such as jet fires."

5.2

Figure 16 Jet fire (above) and hose stream testing

Based on the information above, and in anticipation of more
rigorous testing for the different fuels being used and hence
our tunnel structures being threatened, Promat has already
conducted jet fire/hose stream testing in accordance with ISO
22899-1. To simulate fire fighting activities Promat has also
undertaken hose stream testing in accordance with ASTM
E119-07 (ave pressure 2.8 BAR).

Application of thermal linings

The application of a fire protective coating to the tunnel lining
is the most cost effective solution for protection of the tunnel
lining in terms of performance, maintenance requirements
and considerably reduced costs associated with fire damage.
A passive fire protective coating works by preventing the
temperature of the concrete or steel lining from reaching its
critical (failure) temperature in fire.
A coating will keep a normal strength concrete (35MPa) below
380ºC or any other critical temperature as required during the
prescribed fire exposure period.

By slowing down the rate of rise in the temperature of the
concrete, rapid pressure build up does not occur and the
maximum temperatures are reduced substantially therefore
the spalling process is prevented. Thus, protection can be
expected for long fire exposure periods.
For C&C and immersed tube tunnels, the application of a fire
protective coating will also prevent the steel reinforcement
from exceeding temperatures of 250ºC which could cause
progressive loss of strength and eventual collapse of the
tunnel roof.
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Table 8

Comparison of fire protection solutions for tunnel and underground structures

Item

Passive systems

PP fibres

Fixed fire-fighting systems

Rebar insulation

Fully insulated to predetermined
and predesigned maximum
critical temperature
requirements.

No rebar insulation.

No rebar insulation.

Limit heat input into the tunnel
structure, preventing damage
and/or collapse.

Do not prevent heat input into
the structure. Collapse can occur
rapidly under severe
fire exposure.

No insulation to structure.

Maximum temperatures not
exceeded at reinforcement.

At 300ºC the bond between rebars
and concrete will significantly
reduce.

At 300ºC the bond between
rebars and concrete will
significantly reduce.

Only the passive system itself
must be replaced after severe
fire event.

All concrete exposed to
temperatures exceeding 380ºC
must be replaced. Even in event of
small fire (T interface >160ºC)
repairs will be required because the
PP fibres will have melted.

Systems will incur damage in
event of fire and will need repair
or replacement after a major
fire. They are only effective if
activated within minutes of
fire outbreak.

Long term
durability,
chlorides

No adverse effect on the
durability of concrete structures.

PP fibres create small channels in
the concrete, due to the hydrophilic
properties, enabling chlorides and
sulphates to penetrate the concrete
and attack the rebars.

Not applicable.

Area of post fire
event damage

Relatively small area of damage.

Post fire event (T interface >380ºC),
damaged area will extend beyond
area directly affected by fire.

Can only reduce damage to
tunnel structure if activated
soon after fire commences.

Designed to reduce
temperature increase on and
within concrete structure,
are therefore able
to prevent spalling.

All tests with PP fibres to date show
spalling of the concrete specimen.
PP fibres do not stop structural
damage, due to high temperatures
(micro cracks occur even at 150ºC).

Spalling only prevented if
WBFSS activated within minutes
of fire outbreak by suppressing
the fire.

No adverse affect on concrete
structural properties.

PP fibres reduce compressive
strength leading to brittle failure.
Melted fibres will also lead to
reduced pull out strength of
anchors.

Only effective with early
activation.

Affect on
workability of
concrete

No adverse effect on the
workability of concrete.

Workability decreases with
increasing concentration of fibres.
3kg/m³ of fibres dehydrates the
concrete mixture severely, making it
difficult to pump or pour.

Not applicable.

Ability to
withstand
range of fires

Able to withstand all types of
fires, up to the most severe
RWS fire.

Even a smouldering fire will cause
dehydration of the top layer,
causing aggressive spalling as
temperatures increase.

Not proven to be effective in
large fires, e.g. multi-vehicle or
HGV fires. Not all systems tested
to severe fires, e.g. RWS, HCinc.

Passive systems are relatively
thin, <60mm depending on
requirements.

Require larger cross sections,
bigger TBM, more tubing
segments, larger volumes of
excavated soil etc. Sacrificial linings
containing PP fibres can be over
250mm thick.

Will not influence tunnel cross
section but require adequate
clearance for piping and
nozzles.

Produced under quality
controlled conditions.

Quality control problematic
because the requirement to achieve
even distribution of PP fibres
throughout the concrete mix is
difficult to achieve on site. This may
lead to unpredictable performance.

Components may be produced
in controlled facilities, but
performance and reliability are
dependent on ongoing service
and maintenance.

Insulation to
structure
Bond between
steel and
concrete
Replacement of
concrete after
fire

Spalling
prevention

Influence on
concrete
properties

Influence on
the clearance of
the tunnel cross
section

Quality control
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6.1

FL-MII
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Manual application

Figure 17 Manual application of Cafco FENDOLITE® MII

the opportunity to increase or decrease production to suit the
programme by varying the numbers of machines in operation
on site.

Manual application with mobile machinery offers flexibility in
programming and the ability to meet with the unexpected and
relocate operations within the tunnel should other works be
required to commence at the same time as application of the
fire protection.

Equipment suitable for the application of Cafco FENDOLITE®
MII materials is widely available throughout the world. It is
important, however, that any plant used should conform to the
required technical specification.

Manual application offers the flexibility of being able to work
in more than one location in the tunnel at any time and also

6.2

For detailed guidance on the tunnel fire protection of Cafco
FENDOLITE® MII, please request the application manual from
Promat.
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Cafco FENDOLITE® MII is a single package factory controlled
premix based on Vermiculite and Portland Cement. It is mixed
with potable water on site and spray applied.

Robotic application

Figure 18 Robotic application of Cafco FENDOLITE® MII

Cafco FENDOLITE® MII was the first product to be installed
successfully using robot technology and today remains by far
the most successful system using this type of technology.
The use of robotic application can offer clients considerable
reductions in programme as it is possible to complete in excess
of 1000m² per 24 hour shift, subject to project conditions.

The Westerschelde Tunnel in 2003 saw the successful
completion of 245,000m² of Cafco FENDOLITE® MII spray
protection in robotic application method way. Since that time
the Groenehart and Hubertus Tunnels in The Netherlands
have also been completed, bringing the total to date to more
than 500,000m².
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6.3
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Types of finish

The versatility of the Cafco FENDOLITE® MII spray
material allows the finish achievable in sprayed
texture, smooth trowelled or with decoration.

Figure 20 Smooth trowelled surface
of Cafco FENDOLITE® MII

Figure 19 Sprayed texture of Cafco FENDOLITE® MII

6.4

Typic
a

lly 50

Working with ancillary products

mm

2
6.4.1

Movement expansion joint

5

The gap is cut after Cafco FENDOLITE® MII has set (not fully
cured) at a width* as required for movement expansion
joint and filled with fire resistant compressible seal, i.e.
PROMASEAL® WF Strip or PROMASEAL® FyreStrip (see
illustration on the right). *Please refer to separate product
data sheets for the correct width.

6.4.2

4

3

Mesh reinforcement

1

The use of mesh is not mandatory. For long term durability,
however, Promat recommend due consideration should
be given to incorporating mesh reinforcement. Such
reinforcement may be manufactured from stainless steel and
incorporate a “stand off” system, i.e. CAFCO® Plastic Coated
Galvanised Mesh or CAFCO® Profiled Stainless Steel Mesh.
The installed mesh should be loose-fitted to allow it to be
adjusted and correctly located within the mid-third of the total
applied thickness of Cafco FENDOLITE MII.

3

4

1

1 Cafco FENDOLITE® MII coating

4 CAFCO® Mesh Retaining Anchor

2 PROMASEAL® WF Strip or PROMASEAL® FyreStrip

5 Tunnel concrete

3 CAFCO® Plastic Coated Galvanised Mesh or CAFCO®
Profiled Stainless Steel Mesh
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5

Please refer to the application manual for more details.
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6.5
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Repair procedure and bond strength testing

Cafco FENDOLITE® MII is recommended for sprayed tunnel structure protection mainly because of:
l High fire resistance level, up to 240 minutes
Resistant to RWS and all internationally recognised time/temperature curves.
l High impact resistance
l Easy to maintain and clean
When coated with a decorative topcoat, Cafco FENDOLITE® MII is capable of resisting regular jet washing at 100 bar pressure
at 1m distance without sustaining damage.
l Easy to repair
Cafco FENDOLITE® MII can be easily repaired by cutting away affected areas and repairing with the use of Cafco FENDOLITE®
TG, a special formulation designed for trowel application.

Figure 21 Repairing Cafco FENDOLITE® MII

Example of
reinforced mesh,
anchor and keycoat

6
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l High adhesion
Cafco FENDOLITE® MII has a minimum cohesive/adhesive strength of 568kPa.

CHAPTER

Figure 22 High adhesion of Cafco FENDOLITE® MII

6.6

Health and Safety

All Promat activities should be conducted with due regard to all statutory requirements with appropriate safeguards against
exposing employees and the public to health and safety risks.
Adequate ventilation must be provided when applying Cafco FENDOLITE® MII sprayed coating. Avoid contact with the skin and
eyes by using protective safety gear and equipment.
Please contact Promat for the complete safety data sheet of Cafco FENDOLITE® MII product.
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FIRE PROTECTION OF CRITICAL SERVICES IN A TUNNEL

In any tunnel construction, applying a protective material
to enhance the fire resistance of the structure is only part of
the story. On its own, this is not going to prevent the loss of
life which might occur if there is a fire in a tunnel. Additional
systems need to be incorporated into the design. These would
include the following:
l Enhancing the fire resistance of the structure

l Detection systems
l Fixed firefighting systems
The active systems within tunnels should consist of lighting,
signal systems, surveillance CCTV cameras, fire and smoke
alarms, PA systems, antenna (for two way radio communication),
hydrants, pumpsets, escape routes, air supply and smoke
extracting systems.

l Air supply systems
l Smoke extract duct systems
l The provision of fire and smoke resistant safe havens
in long tunnels

7.1

Air supply and smoke extraction systems

As has been shown by many case studies into the cause of
death resulting from fire in tunnels, the majority of these
casualties are a result of inhalation of smoke particulates.

a) The atmospheres may be hot; temperature near the seat
of the fire may exceed 1000°C. Inhalation of hot gases may
cause serious burn injuries to the respiratory tract.

Studies on the causes of deaths due to fire indicate that carbon
monoxide (CO) poisoning accounts for roughly one-half of
total fatalities. The remaining half is accounted for by direct
burns, explosive pressures, and various other toxic gases.
Although the analysis of blood cyanide (which would come
from exposure to hydrogen cyanide) in fire victims is sometimes
reported in autopsy data, blood carboxyhemoglobin
saturation, resulting from exposure to CO, is often the only fact
provided.

b) Toxic and narcotic gases, such as carbon monoxide and
hydrogen cyanide, will be present. At high concentrations,
carbon monoxide will cause rapid death; lower
concentrations may bring about a loss of coordination,
particularly on exertion, preventing people reaching
escape exits.

It is therefore imperative for long tunnels to include some
form of smoke extraction system in the design. Due to the very
nature of the hot gases and particulates any system is required
to remove from the location, a duct or extraction system will
need to be constructed in such a manner that it too is resistant
to fire.

c) The atmosphere will contain a low concentration of
oxygen; this in itself can bring about unconsciousness and
death but normally the effects of toxic gases predominate.

However, it is not a simple matter of installing ventilation or
extract fans and assuming these will perform the necessary
services. Significant research (some 98 tests) carried out in
the early 1990s in the Memorial Tunnel, USA provided some
valuable data on the performance of ventilation systems.
These included natural, semi transverse, fully transverse and
longitudinal ventilation systems. Similarly, fire loads ranged
through 10, 20, 50 to 100MW in severity. A few sprinkler/
deluge systems were also tested during this programme.

Smoke can have wide ranging debilitating effects on people:

d) There may be many small particles in the atmosphere that
restrict vision thus effect tenability.
e) The effects of irritants to the upper respiratory tracts and
eyes may impede escape.
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This document is concerned only with systems pertinent to
passive fire protection, e.g. air supply and smoke extract ducts,
escape and cross tunnel fire doors, provision of safe havens
and systems for the protection of cables supplying critical
services.

FIRE PROTECTION OF CRITICAL SERVICES IN A TUNNEL

Figure 23 Typical tunnel services

1 Signal systems
3

3
2

2 Lighting

3

3 Ventilation or extraction
system, i.e. jet-fans

4a
2

1
4b

5

4a Passive protection system,
i.e. services enclosure

4b Passive protection system,
i.e. fire resistant spray
applied coating

5 Fire extinguisher

In tunnels with longitudinal ventilation systems, the ventilation
can have a marked effect on the Heat Release Rate (HRR) of
the fire. Investigation and experimentation have shown that
longitudinal ventilation within a tunnel can cause different
types of fire to behave in very different ways.

While the effects of natural and longitudinal ventilation in
tunnels has been subject to some experimentation, the effects
on tunnel fires from semi or fully transverse ventilation is at
present less well known.
Figure 24 Effects of air flow on car fire in		
Mont Blanc Tunnel
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More recently, a series of tests carried out in the Benelux Tunnel
in the Netherlands also focused on the effects of ventilation on
smoke layering and sprinklers water dispersion.

The HRR of fires in heavy goods vehicles in particular can be
greatly enhanced, even with low rates of ventilation, whereas
the HRR of a car under the exact same conditions could be
greatly reduced. There is no simple method of calculating
the complex relationships between ventilation speeds and
increases in the HRR.
Ventilation can also affect the spread of fire along a tunnel. For
example, during the Mont Blanc disaster, fire spread rapidly
from the source of the fire to cars situated some 290m away.
As shown at the right figure, the effect of the ventilation results
in the fire moving horizontally instead of mainly vertically. As
a result of this action, any vehicles positioned down wind of
the fire could possibly catch alight themselves. The ventilation
speed is 2m per second.

In tunnels, there are a number of ways for providing the extract
systems. In general however, these can be categorised in two
basic concepts. The first is the construction of a plenum within
the tunnel roof space, either from concrete, or by building a
soffit from PROMATECT® boards. See page 38 (Figure 25)
for example.
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7.2

Suspended ceilings, smoke extraction plenums

Figure 25 Examples of smoke extraction plenums

A common way of providing smoke extraction systems in
tunnels is the construction of a smoke extraction plenum in
the tunnel roof space. This is the transverse ventilation system.
In an emergency the smoke and hot gases will be extracted
into the plenum through smoke inlets or hatches. Above figure
shows two typical examples.

l Additional weight of the PROMATECT® boards, taking into
account the potential additional weight of water which may
be absorbed into the boards.

Such a plenum can either be constructed out of concrete or
steel. Regardless of the selected construction method, the
structural integrity of this plenum during fire is of utmost
importance as the ventilation philosophy is depending on it.
In case the plenum (or part of it) collapses during the event
of fire, the intended smoke management approach will be
lost. All possible major implications are the usual result, not to
mention the hampering effect they would have on emergency
response teams.

Typically the design of such a suspended steel frame is
conducted by a local structural engineer. Promat has designed
smoke extraction plenum systems for use in tunnels and
have fire tested a number of different configurations using
PROMATECT® boards.

A smoke extraction plenum of this nature gets exposed to
tunnel fire temperatures from both sides, i.e. from below but
also from the top because hot gases are pulled into the duct.
Temperature exposure will be equally high from both sides,
especially at the location of the smoke inlets near the fire
source.
Regardless of the selected construction method, such a
plenum system therefore requires thermal protection from
both sides, not only from below.
Where a plenum is to be constructed out of concrete, please
refer to a separate document for board lining solutions for
more information of concrete protection.
The other option is to construct the plenum using a steel
frame, spanning from wall to wall, with intermediate hanger
rods structurally or mechanically required. As prescribed, such
a frame requires thermal protection from below and from
above. The hanger rods also require thermal protection in
order to prevent elongation due to thermal expansion, which
has the potential to cause unwanted deflection and sagging
of the plenum.
The steel frame should be designed so that it can cope with:
l Dynamic load cycles coming from passing traffic.
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l Elevated temperatures in case of fire and still retain its
function.

System components
The smoke extraction plenum system consists of a load
bearing steel frame, which can be made out of square hollow
sections (SHS) or various other steel framing members. The
PROMATECT® boards are screwed to either side of the steel
frame, also covering the edges at the framing exposed at the
location of hatches.
The amount of steel used in terms of kilograms per square
metre surface has an effect on the temperature development
within the plenum system. The more kilograms of steel per
square metre, the better the heat sink (heat absorption), hence
the lower the temperatures will be on the steel. In contrast, if
less steel is required for structural reasons it should be noted
that the temperature development will increase as a function
of time.
The fire tests took this effect into account, varying the heat
sink effect, in combination with the selected PROMATECT®
board thickness. For example, when exposed from both sides
by the RWS fire curve, steel temperatures have been recorded
between 285°C and 570°C, depending on the thickness of the
PROMATECT® boards and the mass of steel being used.
On the basis of the test data generated by these fire tests
reports, the structural engineer can design the loadbearing
steel frame, with Promat advising on the required thickness of
the PROMATECT® boards.

FIRE PROTECTION OF CRITICAL SERVICES IN A TUNNEL

7.3

Cable protection systems

In the event of a fire it is vital to the safety of tunnel occupants
that certain electrical systems remain functioning until people
have escaped. Such systems therefore require protection from
fire for a specified period of time and include:

A suitably designed duct will:

l Lighting for means of egress (emergency escape route
lighting) and areas of refuge

ii) Assist in maintaining escape routes.

i)

Prevent the propagation of fire from one compartment to
another.

iii) Ensure the continuing operation of services.
l Exit signs
iv) Reduce damage to localised areas.
l Communications
l Electrically operated extinguishing systems,		
fire and smoke detection
l Ventilation and smoke extraction systems
l Tunnel drainage and fire pumps
In addition to protection from fire outside the duct, it is
normally vital that any fire within the duct is contained, e.g. if
cable sheathing ignites due to an electrical overload.

v) Contain smoke and toxic fumes from burning cables if the
fire was within the cable enclosure.
By enclosing standard cables in the PROMATECT® cable
duct systems, all above requirements can be met in providing
up to 240 minutes fire protection, depending on the duct
construction and the fire exposure curve. This avoids the use
of more expensive and bulkier fire-rated cables, which cannot
provide performance to the more extreme exposure curves,
such as the HCM and RWS fire curves.

Design considerations
The following points are some of the factors which should
be considered when determining the correct specification
to ensure the cable duct system provides the required fire
performance.
Applicable time-temperature curve

ii) Maximum allowable temperature on the specific cables
Non fire rated cables can generally operate in temperatures
of approximately 130-150°C for short periods of time.
However, such increases in cable temperatures do
increase the electrical resistance of the cable. The former
temperatures are regularly used as the performance design
criteria for fire rated cable protection systems in tunnels.
It should be noted that the majority of fibre optic cables
begin to break down once exposed to temperatures in the
range of 50-80°C.
iii) The cross section of the enclosure
The larger the perimeter of the enclosure around the
cables, the greater the area exposed to fire and thus
more heat enters the duct. In instances where a three
sided duct is constructed with the fourth side being the
concrete structure, the concrete will act as a heat sink,
which will delay the increase in the air temperature inside
the duct. This in turn will ensure functionality of the cables
for a greater duration as the rise in cable temperature is
postponed.
iv) The amount of copper/aluminium within the cable duct
The biggest heat conductor in a cable protection system
is the copper/aluminium wire core itself. Although the
protection system provides thermal protection to the
cables, the heat sink effect into the cables themselves can
be rather large as the cables are heated from ambient
temperatures to a maximum of approximately 130-150°C.

v) Required fire resistance performance
Generally, the most onerous requirement is to maintain
the integrity of the circuit when the system is exposed
to external fire. This means the cables must continue
to function at full capacity whilst exposed to fire. If this
continued functionality is not required, the performance
specification may be reduced by the approval authority to
provide only stability, integrity and insulation of the duct
system itself and/or the wall and floor penetrations.
vi) Supporting structure
The supporting hangers and their fixings should be
capable of bearing the load of the complete cable system
including any applied insulation material or other services
suspended from it. Chemical anchors are not generally
suitable. It is usually not advisable to use unprotected
hangers if the stress exceeds 6N/mm² for a period of 240
minutes (or 10N/mm² for a period of 120 minutes) and/or
if hanger lengths exceed 2000mm. Unprotected hangers
are not allowed where they may be exposed to the RWS or
HCM fire curve. It should be noted that even stainless steel
hangers will not survive such a thermal attack for long,
regardless of the stainless steel grade or tension stress
level. The use of protected hangers is therefore mandatory
for both RWS and HCM fire curves.
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i)

The greater the volume of copper/aluminium wire within
the enclosure, the greater the heat sink effect and the
longer functionality can be sustained. If a lower volume
of cable is used, thicker fire protection systems may be
required.

Continued on next page
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7.3

Cable protection systems

Design considerations
vii) Penetrations through walls and floors
Care should be taken to ensure that movement of the cable
system in ambient or in fire conditions does not adversely
affect the performance of the wall, soffit or floor or any
penetration seal. Also the sagging of the cable duct as a
result of the elongation of the hangers must be addressed
at the penetration point of the duct through any wall, floor
etc.

Promat has conducted extensive fire testing on cable protection
systems for tunnel applications, using PROMATECT®-H
and PROMATECT®-T boards. On the basis of the test data
obtained, these systems have been designed to cope with the
most severe time-temperature curve applied in tunnel design,
the RWS fire curve.
For details of systems exposed to other time/temperature
curves, please consult Promat.

viii) Other requirements
Acoustic performance, thermal insulation, water tolerance,
strength and appearance can be important considerations.
Figure 26 Examples of cable protection systems constructed from PROMATECT® boards

7.4

Safe havens

In long tunnels, safe havens should form an integral part of
the tunnel design. Recent fires in tunnels have shown that
exposure to smoke and toxic fumes from burning vehicles is
the main cause of loss of life. Deaths occur even at relatively
short distances from the seat of the fire. The provision of
safe havens therefore is imperative in long tunnels, both to
provide protection for passengers from vehicles until fire and
emergency personnel can reach them and also as a place
which can provide respite from heat and smoke for firefighters.
Ideally, any safe haven should have a minimum fire resistance
period to match that of the main structural protection, and
should be constructed in such a manner that is resistant to
both heat (insulation) and ingress of smoke into the chamber.
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In recent fires, some personnel who have managed to reach
a safe haven but have then succumbed through exposure
to the effects of heat and smoke ingress into the chamber.
Consideration should therefore be given to providing a
separate air supply for these areas.
Promat can offer the designs and systems required to construct
such safe areas for all types and durations of fire exposure.

FIRE PROTECTION OF CRITICAL SERVICES IN A TUNNEL

7.5

Fire doors

Figure 27 Examples of steel framed fire doors in tunnel

7

Fire resistant doors within tunnels are installed to provide a
means of egress and to prevent the spread of fire, hot gases
and smoke from the tunnel to the surrounding compartments.
Fire doors are installed:

Any fire door situated within a tunnel should be capable of
providing the same degree of corrosion resistance to the
aggressive and polluted environment of a tunnel as any other
services.

l at cross connections between two tunnel tubes,

In the design phase of a fire door, it should be noted that
elongation of steel members will cause gaps around the
perimeter of the door, potentially introducing failure of the
system. In addition to elongation, steel members also tend to
curve as a result of heating on one side only.

l to allow emergency services to use as a base for first attack
fire fighting,
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l to provide access to an escape route, and/or
A tunnel fire door should be fire tested in two configurations:
l to protect people who have entered safe havens.
a) The door leaf opening away from the heat source
In view of the smoke emissions from vehicles, and the high
toxicity of this smoke as a result of the types of materials used
in modern car manufacture, it is also imperative that doors
provide a high degree of resistance to the passage of smoke.
Ideally, where used as access to safe havens, doors should
provide a high degree of thermal insulation to reduce the
affects of heat on the occupants of the chambers.

b) The door leaf opening into the heat source
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TUNNEL FIRE RESEARCH

A lot of research has been conducted, mainly under the
auspices of the European Union. The results of this research
will eventually translate is being translated into directives,
guidelines and standards for tunnel fire safety around the
world. One such example is NFPA 502 Standard For Road
Tunnels, Bridges & Other Limited Access Highways 2017
Edition USA.

8.3

UPTUN

UPTUN is the acronym for cost effective, sustainable and
innovative upgrading methods for fire safety in existing
tunnels, a European RTD-project funded by the European
Commission in FP5.
The main UPTUN project objectives are:

8.1

FIT

FIT (European Thematic Network on fire in tunnels) provides
a European platform for dissemination of information of
up-to-date knowledge and research on fire and tunnels. FIT
represents 33 members from 12 European countries.
To optimise, when possible, benefits of the knowledge
throughout Europe — from real fire accidents, testing and
research — there are many benefits to using all available
information via a European Thematic Network. The main
objectives have been identified for the FIT Thematic Network
as follows:
i) The network dissemination of RTD and design results
obtained in European and National RTD projects. The aim
is to optimise research efforts, to reach critical mass and
to enhance impact at a European level by combining the
results of the different projects.
ii) FIT will establish a set of consultable databases with
essential knowledge on fire in tunnels.

a) To develop innovative technologies where appropriate and
relevant, comparing to and assessing existing technologies
for tunnel application. Focus is on technologies in areas
of detection and monitoring, mitigating measures,
influencing human response, and protection against
structural damage.
b) To develop, demonstrate and promote procedures for
rational safety level evaluation, including decision support
models and knowledge transfer.
In order to achieve these objectives overall, a strong European
consortium was needed, covering all relevant expertise, with
sufficient mass and impact to ensure adoption of UPTUN
deliverables throughout Europe. The consortium was built
around prominent tunnel safety institutes in Europe, balancing
owners, industry, research and other stakeholders on the one
hand, with the (tunnel) member states on the other.
The UPTUN consortium consists of 41 members from 13
different EU member states, 1 EEA member state and 3
accession countries. The distribution of the input to the project
was well balanced over the eastern, northern, southern and
western EU member states.

iii) Realise recommendations on design fires for tunnels.
iv) To develop European consensus for fire safe design on the
basis of existing national regulation, guidelines, codes of
practice and safety requirements.
v) Define best practices for tunnel authorities and fire
emergency services on prevention and training, accident
management and fire emergency operations.

8
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8.2

DARTS

DARTS (Durable And Reliable Tunnel Structures) is an RTD
project. It was conducted during 2001-2004 by a partnership
of eight European companies and is performed with financial
support of European Communities under the Fifth Framework
Programme, Competitive and Sustainable Growth Programme
(GROWTH 2000).
The objective of this DARTS-project is to develop operational
methods and supporting practical tools for the best passive
decision-making process for selecting in each individual case,
the cost optimal tunnel type and construction procedures
regarding environmental conditions, technical qualities, safety
precautions and long service life.
DARTS is developed for the main current types of tunnels:
rock tunnels, bored tunnels, NATM tunnels, immersed tunnels
and cut and cover tunnels.
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The project was specifically targeted at ensuring a pan
European approach towards improvement of fire safety in
European tunnels. This will enable European tunnel operators
and regulators to benefit from economies of scale resulting
from a European approach and also create additional addedvalue for the community.
Among others, a full scale fire test in the Runehamar Tunnel in
Norway was conducted in the framework of UPTUN.

8.4

SIRTAKI

SIRTAKI (Safety Improvement in Road and Rail Tunnels using
Advanced ICT and Knowledge Intensive DSS) is an IST project
supported by the Commission of The European Communities
in the framework of the “Key Action I of IST Programme”.
The strategic goal of SIRTAKI is the development and
assessment of an advanced tunnel management system
that specifically tackles safety issues and emergencies and
integration within overall network management.
A multidisciplinary consortium with representation from all
participating members, including local authorities, system
providers and research institutions from eight different
European countries, has implemented numerous SIRTAKI
initiatives over 36 months from September 2001.

APPENDIX

Cafco FENDOLITE® MII Vermiculite and Portland Cement based wet mix spray —			
product properties
Cafco FENDOLITE® MII is a spray applied, single package factory
controlled premix comprised of Vermiculite and Portland Cement. It may
be floated or roller finished. Although low in density, thus significantly
reducing dead load, Cafco FENDOLITE® MII is highly durable and will not
crack or spall under mechanical impact.
Cafco FENDOLITE® MII is used for application to construction elements
such as concrete or individual steel sections. It is suitable for exterior use
on new tunnel lining structures, refurbishment and upgrading of existing
tunnel structures.
Cafco FENDOLITE® MII has been rigorously tested and certified for a
variety of fire performance protocols:
• Netherlands (RWS 2008-Efectis-R0695: Fire testing procedure for
concrete tunnel linings)
• Australia (AS 1530: Part 4: 2014)
• France (Hydrocarbon Modified HCM)
• Germany (DIN 4102: 1977-2009)
• International Standards (ISO 834: 2002, ISO 22899-1: 2007: Resistance
to jet fires | Resistance to jet fires following gas explosion)
• Italy (UNI 11076)
• UK (BS 476: Parts 20 & 21: 1987: Appendix D: Hydrocarbon ratings)
• USA (ASTM E119, UL 1709 Design No. XR719, UL 263)
• Gas Explosion Test (blasting with more than 3 bar overpressure)
• GESIP GASAFE Testing Program
• Liquid Nitrogen Immersion (Cryogenic) Test
• NFPA 58: Annex H: Torch fire and hose steam testing
Material properties
Color and finish

Off white, monolithic, spray texture

Alkalinity

pH 12.0–12.5

Sound absorption

0.65 NRC (noise reduction coefficient)

Cure

By hyraulic set

Initial set

2–6 hours at 20°C (68°F) and 50% RH

Theoretical coverage

62m²/tonne at 25mm thickness

Practical thickness

Min. 8mm unreinforced, min. 15mm reinforced

Solids by weight

70% ±2%

Packaging

20kg bag, except 50lbs bag in America

Storage

Kept off the ground and dry until ready for use

Shelf life

Maximum 12 months

Preparation
Typical substrate
Concrete or steel.
Substrate preparation
The substrate shall be clean, dry and free from
visible moisture (including condensation), concrete
laitance, formwork release oils, loose mill scale,
loose rust and any other condition preventing
good adhesion. If concrete curing agents are used
they must be removed (normally with Hydro-Mill) to
ensure good adhesion.
Mesh reinforcement
Although fire tests have demonstrated the stability of
Cafco FENDOLITE® MII without mesh reinforcement,
the use of mesh is recommended for maximum long
term service durability. It is mandatory when gas
explosion resistance is required.

Application
Initial steps
Cafco FENDOLITE® MII must be installed by an
applicator recognised by Promat and applied in
accordance with the installation guideline.
Method
Mix Cafco FENDOLITE® MII with potable water
in a suitable mixer to prepare application using
approvable equipment. It can also be floated or
roller finished. For minor repairs, use hand applied
patching mix with Cafco FENDOLITE® TG.
Limitations
Cafco FENDOLITE® MII may be applied when
the substrate and air temperature are at least 2°C
(36°F) and rising, but not less than 4°C (36°F) and
falling. Maximum substrate and air temperature
must not exceed 50°C (122°F). Substrate should be
minimum 2°C (36°F) above dew point temperature.

Physical performance
Test method

Test results

Density

ASTM E605

775kg/m³ ± 15%

Compressive strength ASTM E761

3778kPa (548psi)

Combustibility

Non combustible

ASTM E136

ASTM E84
Surface burning
		

0 flame spread			
0 smoke developed

Deflection /
Impact resistance

ASTM E759
ASTM E760

No cracking, delamination
or spalling

Durometer hardness

ASTM D2240

40 (Shore D)

Thermal conductivity

ASTM C518

0.216W/m°K at 24°C (75°F)

Corrosion resistance
ASTM E937
		

Does not promote		
corrosion of steel

Fungal resistance

0 rating (no fungus growth)

ASTM G21

Health and safety
A safety data sheet is available from Promat and,
as with any other material, should be read before
working with the product.
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Property

Disclaimer
All physical and mechanical values herein are
averages based on standard production and
tested according to standard procedures. These
typical values are given for guidance. The figures
can change depending on the test methods used.
Cafco FENDOLITE® MII is manufactured under a
quality management system certified in accordance
with ISO 9001: 2008.
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Fire incidents in road tunnels worldwide

Year

Tunnel
@ length

Location

1949

Holland
@ 2,550m

New York,
USA

1974

Mont Blanc
France and Italy
@ 11,600m

Vehicle(s) of which
the fire occurred

Consequences
Most
Duration
possible
of fire
cause of fire
Injuries and/ Damage of Damage of
or casualties
vehicles
structure
66 injured
of smoke
inhalation

10 lorries +
13 cars

Serious
damage
over 200m

15
minutes

1 injured

Unknown

Unknown

60
minutes

12 injured
of smoke
inhalation

1 lorry

Serious
damage
over 150m

4 lorries +
2 cars

Serious
damage
over 30m

1 lorry with 11 tons
Load fell off,
240
of
exploded
minutes
carbondisulfide
1 lorry

Motor
problem

1976

Crossing
BP-A6
@ 430m

Paris, France

1 lorry with 16 tons
of polyester film in High speed
drums

1978

Velsen
@ 770m

Velsen, The
Netherlands

4 lorries + 2 cars

Front-rear
collision

80
minutes

5 injured +
5 dead

1979

Nihonzaka
@ 2,045m

Shitzuoka,
Japan

4 lorries + 2 cars

Front-rear
collision

9540
minutes

1 injured + 127 lorries +
7 dead
46 cars

1980

Kajiwara
@ 740m

1982

Caldecott
@ 1,028m

Oakland,
CA, USA

1 lorry with 33000
litres of petrol + 1
coach + 1 car

Front-rear
collision

1982

Salng
@ 2,700m

Mazar-e-SharifKabul,
Afghanistan

1983

Pecorila
Galleria
@ 662m

1986

1 truck with 3600 Collided with
Kajiwara, Japan litres of paint in 200 side wall and Unknown
cans
overturned

Serious
damage
over 1,100m

1 dead

2 trucks

Serious
damage
over 280m

2 injured +
7 dead

3 lorries +
1 coach +
4 cars

Serious
damage
over 580m

Soviet Military
column, at least 1
petrol truck

Suspected
mine
Unknown >200 dead
explosion

Unknown

Unknown

Gênes
Savone,
Italy

1 lorry with fishes

Front-rear
collision

22 injured +
9 dead

10 cars

Minor
damage

L’Arme
@ 1,105m

Nice,
France

1 lorry with trailer

Braking after
5 injured +
Unknown
high speed
3 dead

1 lorry +
4 cars

Equipment
destroyed

1987

Gumefens
@ 343m

Berne,
Switzerland

1 lorry

Front-rear
collision

120
minutes

2 dead

2 lorries +
1 van

Slight
damage

1990

Røldal
@ 4,656m

Røldal,
Norway

1 transporter
with trailer

Unknown

50
minutes

1 injured

Unknown

Minor
damage

Motor
problem

Unknown

2 injured

1 lorry

Equipment
destroyed

4 injured +
4 dead

5 lorries +
11 cars

Minor
damage

5 injured

2 cars +
1 motorcycle

111m of
insulation
material
destroyed

160
minutes

Unknown

1990

Mont Blanc
1 lorry with 20 tons
France and Italy
@ 11,600m
of cotton

1993

Serra Ripoli
@ 442m

Bologne and
Florence,
Italy

1 lorry with rolls of
paper + 1 car

Collision

150
minutes

1993

Hovden
@ 1,290m

Høyanger,
Norway

2 cars +
1 motorcycle

Front-rear
collision

60
minutes

1994

Huguenot
@ 3,914m

Western Cape,
South Africa

1 coach with 45
passengers

Electrical
fault

60
28 injured +
minutes
1 dead

1 coach

Serious
damage

1995

Pfänder
@ 6,719m

Lochau, Austria

1 lorry with trailer

Collision

60
minutes

1 lorry +
1 van +
1 car

Serious
damage

4 injured +
3 dead

Above details are up to date of this publication.									
Source from ITA Working Group 6 — Structural fire protection for road tunnels, Report No. 18. April 2017.
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Year

Tunnel
@ length

Location

Vehicle(s) of which
the fire occurred

1996

Isola Delle
Femmine
@ 148m

Palermo,
Italy

1 tanker with
liquid gas + 1 bus

1999

1999

Mont Blanc
France and Italy
@ 11,600m

Tauern
@ 6,401m

A10 SalzburgSpittal,
Austria

1 lorry with flour
and margarine

1 lorry with paint

1 trailer truck with
E134 Drammena diesel fire in the
Haugesund,
engine room + 1
Norway
lorry + 5 cars

Consequences
Most
Duration
possible
of fire
cause of fire
Injuries and/ Damage of Damage of
or casualties
vehicles
structure
Front-rear
collision

20 injured +
Unknown
5 dead

Oil leakage
Unknown
in the motor

Front-rear
collision

Multiple
collision

Unknown

45
minutes

2000

Seljestad
@ 1,272m

2001

Prapontin
@ 4,409m

A32 TorinoBardonecchia,
Italy

1 truck with beets

2001

Gleinalm
@ 8,320m

A9 near Graz,
Austria

1 car

Front
collision

Unknown

1 lorry

Front
collision

48
minutes

St. Gotthard
2001
@ 16,918m

A2,
Switzerland

Mechanical
Unknown
problem

39 dead

1 tanker +
1 bus +
18 cars

Serious
damage,
tunnel closed
for 2½ days

Serious
damage,
23 lorries +
tunnel
10 cars +
1 motorcycle reopened on
22nd Dec 2001

49 injured + 14 lorries +
12 dead
26 cars

Serious
damage

6 injured

Serious
1 truck +
damage,
1 lorry +
NOK 1 mill,
5 cars +
tunnel closed
1 motorcycle
for 1½ days

19 injured
of smoke
inhalation

Unknown

Closed until
6th June 2001
in westerly
direction

4 injured +
5 dead

Unknown

Unknown

11 dead

Serious
13 lorries +
damage,
4 vans +
tunnel closed
6 cars
for 2 months

APPENDIX

Above bove details are up to date of this publication.									
Source from ITA Working Group 6 — Structural fire protection for road tunnels, Report No. 18. April 2017.
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Runehamar tests and gas temperatures in collaboration with UPTUN:				
Large scale fire test in Runehamar Tunnel, Norway
In total, four tests were performed on a fire in a semi-trailer set-up. In three tests mixtures of different cellulose and plastic
materials were used to simulate the fire load, and in one test a “real” commodity consisting of furniture and fixtures was used. In
all tests the ratio of mass was approximately 80% cellulose to 20% plastic. A polyester tarpaulin covered the cargo.
The commodities used as fuel are detailed in below table and the following:
Test

Description of fire load
• 360 wood pallets, measuring
1200mm x 800mm x 150mm

Target

• 32 wood
pallets

Test #1

• 20 wood pallets, measuring
1200mm x 1000mm x 150mm

Test #2

• 20 wood
• 216 wood pallets + 240 PUR
pallets
mattresses, measuring 1200mm
• 20 PUR
x 800mm x 150mm
mattresses

• 6 plastic
pallets
• 74 PE plastic pallets, measuring
1200mm x 800mm x 150mm

Total weight

Theoretical
calorific energy

Mass ratio of
plastic

10,911kg

240GJ

18%

6,853kg

129GJ

18%

8,500kg

152GJ

18% (not in
including tyres)

3,120kg

67GJ

19%

• Furniture and fixtures (tightly
packed plastic and wood
cabinet doors)
Test #3

• Upholstered PUR arm rest
and sofas
• Stuffed animals

• Upholstered
PUR arm rest
and sofas

• Potted (plastic) plant
• Toy house of wood, plastic toys
• 10 large rubber tyres @ 800kg
• 600 corrugated paper cartons
with interiors, measuring
600mm x 400mm x 500mm
Test #4

• 15% of total mass of 18,000
unexpanded polystyrene cups
• 40 wood pallets, measuring
1200mm x 1000mm x 150mm

Test #1

Test #2

• 4 wood
pallets
• 40 cartons
with 1,800
PS cups

Test #3

Test #4

Overview of fire development after five minutes
The reason for using furniture is that in the past a test was carried out (e.g. EUREKA 499 project) with similar materials and a very
high ventilation rate of 6m/s at the start of the test. This particular test provides a good point of comparison between the data
from both Runehamar and EUREKA tests.
The commodities were placed on particle board in a storage rack system (see figures on page 47 to simulate a semi-trailer,
measuring 10450mm by 2900mm. The total height was 4500mm. The height of the platform from the floor was 1100mm.
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The test fire was located 560m from the west entrance and the wind direction in the tunnel was from east to west. The crosssection of the tunnel at the site of the test fire is shown in below Figure 31. Two small ignition sources, consisting of fibreboard
cubes soaked with heptane, were placed within the lowest wood pallets (adjacent to the flue between the two pallets) on the
upstream end of the semi-trailer set-up. The tarpaulin was lifted away during the ignition process. Directly after ignition the
tarpaulin was replaced. At a distance of 15m from the downstream side of the test site there was a target consisting of one stack
of the same materials combination as used in the main test. This target was used to ascertain fire spread due to radiation and
convection.
Figure 28 Set-up for Test #1 (wood and plastic pallets)

Figure 29 Set-up for Test #2 (wood pallets and FUR mattresses

Figure 30 Set-up for Test #3 (wood flat pack furniture and plastic toys)

APPENDIX

Figure 31 Set-up for Test #4 (plastic cups in cardboard boxes on wood pallets)

Continued on next page
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Runehamar tests and gas temperatures in collaboration with UPTUN:				
Large scale fire test in Runehamar Tunnel, Norway

The materials used in the tests (see Figure 32) were chosen to
give different fire development and maximum Heat Release
Rates (HRR). Test #1 with wood pallets and plastic pallets
had the highest total energy content and gave the highest
maximum heat release rate (see Figure 33).
The large amount of combustible material also gave a
longer period of elevated gas temperatures, with the highest
maximum temperature of 1365°C.

Figure 32 Cross section of the tunnel at the test location

In Figure 34 the gas temperature near the ceiling in Test #1
(at 10m from the heat source) is compared to four different
standard fire curves. It can be seen that the increase in gas
temperature in the test with wood pallets and plastic pallets
is very rapid and almost exactly follows the Hydrocarbon fire
curve for about three minutes.
The temperature then increases even further and more rapidly
than the Hydrocarbon fire curve. It instead follows the RWS
fire curve, again almost exactly, apart from the slight time
variations and for a period around 20 minutes after ignition
where the measured temperature is higher than the peak of
the RWS fire curve which is 1350°C.
Figure 33 Measured gas temperatures close to the fire
during Tests #1–4

The RWS fire curve was developed on the assumption that a
tanker fire with petrol or fuel oil lasting for 120 minutes would
give a HRR of 300MW. The HRR tested in the Runehamat
Tunnel did not reach 300MW, but the temperatures recorded
still closely followed the RWS fire curve.
In Test #4 only 3120kg of cardboard boxes and polystyrene
cups were used, potentially creating the lowest calorific energy
output of all tests. However, temperatures were recorded to
be in the same magnitude of Test #1, although for a much
shorter duration.

Figure 34 Gas temperatures in Test #1 compared with
four different standard fire curves
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Frequently asked questions
9.1

Should mesh be used for spray application to concrete?

Promat generally conduct fire tests without mesh, considering this to be the “worst case” conditions. For long term durability,
however, the use of mesh reinforcement is recommended.

9.2

Will the spray applied product stay in place, especially considering the passing traffic and				
the pressures induced?

Traffic induced pressure is something that must be dealt with. Promat has tested systems against dynamic loads (positive and
negative pressures), also referred to as “the piston effect”. Provided the Cafco FENDOLITE® MII product has been installed in
accordance with manufacturer’s recommendations, the applied system can easily accommodate pressures in excess of ±1.5kPa
as required under UK Highways Agency Design Manual For Roads & Bridges (BD78/99).
Air erosion tests have been performed. When tested to ASTM E859, no erosion of material has occurred with the wind speeds
of up to 15m per second.

9.3

What steps are needed to be taken if there are foreign products on the concrete prior to applying the		
Cafco FENDOLITE® MII product?

Typically, mould release agents or concrete curing compounds are useful. Mould release agents tend to lay on the surface of
the concrete and usually will degrade under the affects of UV light. In general, a cold water pressure wash up to 200 BAR is
recommended for mould release agents. Concrete curing compounds, however, penetrate deeper into the concrete and remain
unaffected by UV light continuing to contaminate the concrete. Hydro-Milling of the concrete surface using ultra high pressure
equipment (700 BAR) is recommended to remove the first 1-2mm of concrete which retains the residual curing compound
thereby ensuring a correct material adhesion. For more information, please refer to the application manual. Regardless, the
concrete surface should be washed to remove all loose dirt and laitance. If Hydro-Milling is not required, then a key coat must
be used.

9.4

How much quantity of the product is needed for the application?

The applied thickness is determined by various criteria such as:
l
l
l
l
l

Fire design, i.e. RWS, HCM, HC, RABT-ZTV-ING and/or ISO 834 (see page 21 for details)
Exposure time, i.e. 120 or 240 minutes
Concrete aggregate type
Coverage to rebar
Interface temperature requirement

Please consult the local Regional Tunnel Manager.

Are there any weather restrictions for the application?

Cafco FENDOLITE® MII product should not be applied in extreme heat or cold conditions. Generally, it can be applied if the
temperature is 2°C and rising, and the application should be stopped if the temperture is 4°C and falling. Maximum application
temperature is 50°C. For information relating to environmental conditions, please refer to the application manual.

9.6

APPENDIX

9.5

Can a smooth finish be expected from the spray application?

In normal circumstances it is expected that an “off the gun” textured finish is acceptable. In certain conditions, where a smooth
finish is required, it is possible to trowel the previously sprayed material (whilst still curing) to a standard of finish similar to cast
in situ concrete.

Continued on next page
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Frequently asked questions
9.7

Can the spray product be tinted to black colour?

It is not recommended to tint the Cafco FENDOLITE® MII product. In effect the tinting will change the properties of the tested
formula. If colouring is required, it is recommended to apply after the installation with an appropriate coating. Please consult the
tunnel designers and the paint manufacturers prior to colouring the applied product.

9.8

Should a contractor employ own labour or a recognised applicator by Promat to install the spray product?

Promat highly recommends the use of recognised and trained applicators to install the Cafco FENDOLITE® MII product. Training
must be provided for the proposed applicator where necessary.

9.9

Can the spray product get wet?

The cementitious Cafco FENDOLITE® MII product should be applied only onto a dry substrate. When the material is fully cured
after the application, any intermittent localised splashing or wetting will not adversely effect the system performance.

9.10

How to install the M&E service brackets during the spray application?

Depending on the performance specifications, it could be arranged either as follows:
l Install the brackets first and spray on them later.
l Spray all the substrate first and then cut out for the brackets.
l Install the brackets directly onto the fully cured Cafco FENDOLITE® Mll coating.
It is important to ensure that all fixings are fastened through the Cafco FENDOLITE® MII coating penetrating directly into the
substrate beneath (usually concrete). For further guidance please consult the local Regional Tunnel Manager.

9.11

Can a decorative coating be applied to Cafco FENDOLITE® MII?

If a decorative coating is required, Promat recommends the application of light reflecting decorative coating system that is
capable of withstanding a routine washing regime. A water borne 2-pack epoxy coating system is available from most reputable
coating manufacturers.
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