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ABSTRACT

Underground infrastructures and the importance of the people’s safety and structures robustness
are relevant and contemporary issues in the civil engineering industry. The demand for this infras-
tructural typology has developed to such an extent that the need for a better and cost-beneficial
knowledge of the risks is necessary.

This thesis aims at bridging and developing further the knowledge on Fire safety engineering
and structural engineering on the particular topic of spalling failure. Another objective of this thesis
is the discussion over the possible replacement of the used procedures used to assess and guarantee
tunnel safety. Both from a fire safety and structural engineering point of view, prescriptive measures
and solutions are mostly proposed to accomplish a safe tunnel design. This causes the design to be
non optimised and in some cases more costly than what is actually needed.

From the fire safety side, the use of pre-given fire curves is put under discussion. Research has
been conducted to asses which are the origins of the most widely used curves. Studies have also
been performed to develop a practical analytical engineering method to analyse and estimate the
consequences of a given fire scenario tailored to the specific tunnel under consideration. Subse-
quently the results of the analytical models have been compared with the results obtained with
advanced Computational Fluid Dynamics tools. Finally, more complicated scenarios have been
studied with the use of this software.

On the other hand, from a structural engineering point of view, a new model able to describe
the spalling mechanism has been proposed. The model predicts the spalling time for NSC elements
and at the same time verifies which is the optimal thickness for the piece to spall. On top of that the
possibilities for further use of the model in the description of the spalling mechanism for HSC and
PPFRC elements have been investigated.

Finally this two topics have been combined together and conclusion have been drawn.
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1
INTRODUCTION

In the last few years there has been a growing interest in underground infrastructures and in partic-
ular tunnels. These constructions play a fundamental role in the development of the infrastructural
and economical networks of a country. The continuous growth of urban areas and the increased
need of living and working space facilities within the cities boundary push in the direction of an in-
crease in the need for underground transport links. Within this context, two main categories can be
mentioned, which namely are underground infrastructures for road vehicles or rail vehicles. Within
the underground infrastructures field, one of the main issues of concern is Fire Safety. An increase
in their use is demanding a better understanding of the dynamics involved, in order to successfully
achieve a balance between safety and economical sustainability of the project.

Figure 1.1
Fire accident (A10). Article screenshot

retrieved from a in May 2018
a= https://tg24.sky.it/cronaca

Fire Safety focuses its attention towards 2 main direc-
tions:

• Users tunnel safety, which can, for example, be met
with sufficient time to escape from the fire within a
tunnel;

• Structural tunnel safety, which is concerned with
maintaining a sufficient structural performance
during fire. This may vary depending on the stake-
holders demands which, for instance, can be re-
lated to the limitation of the time needed for repair-
ing the damages.

The issues under consideration present significant
challenges. One of the last reported fire accident, as
shown in Fig.1.1, occured in 2018 in one of the main high-
ways connecting France and Italy, causing kilometers of
jams and big delays to the users of the highway. In Ap-
pendix A a list of some of the main road tunnel fire ac-
cidents in the last years is reported [6]. As can be seen
there were fortunately no casualties in the last accidents,
but for all the tunnels severe damage to the structure was
recorded.

Scientific research and regulations are currently tack-
ling the numerous topics related to this field driven by the need to reach safer and more economical

1
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2 1. INTRODUCTION

Figure 1.2
Article showing the relevance of the topic. Retrieved from Cobouw newspaper of 30 August 2018

ways to design and use underground infrastructures. The newspaper article shown in Fig.1.2 out-
lines the major interest for this topic of the civil engineering industry.

The focus of recent research has been on fire scenarios that should be used in order to assess
the safety of tunnels and the spalling mechanism endangering the capacity of the concrete struc-
ture. Spalling is only one of the main failure modes that needs to be addressed in the check of a
structure subjected to fire and, at the moment of this thesis, is not fully understood. According to
the fib bulletin 38 [11], together with spalling, bending failure, buckling/compression failure, an-
chorage/bond failure, shear or torsional failure need to be checked.

In particular, spalling affects the structural performance of a tunnel endangering the capacity of
the infrastructure to keep standing. In the literature, several theories have been proposed to explain
the spalling mechanism. However, a definitive explanation has not yet been found.



2
PROBLEM STATEMENT, RESEARCH

QUESTION, OBJECTIVES AND

METHODOLOGY

PROBLEM STATEMENT

Based on the aspects mentioned in the introduction, the focus in Fire Safety Engineering is on two
main areas. Namely, Users Tunnel Safety and Structural Tunnel Safety. In the former the use of ad-
vanced tools, such as Computational Fluid Dynamics software and performance-based design, is
applied, whereas that is not happening in the case of the latter, since Prescriptive Design is mainly
used. Structural Tunnel Safety is also related to structural engineering which involves failure modes
calculation. In case of fire these need to incorporate the temperature dependent variation of me-
chanical and cross sectional properties. This is usually carried out with the help of specific software’s
such as FEM tools.

Taking that into consideration, the present thesis aims at further improving the knowledge in
Structural Safety, mainly addressing tunnel fire dynamics, the spalling mechanism and their rela-
tion. The problem stems from mainly two factors. Namely, the method implemented so far which
makes use of standard fire curves prescribed by regulations without taking into account the spe-
cific design under consideration. At the same time, the spalling mechanism is insufficiently under-
stood and simplistic check methodologies are often applied or more elaborate full-scale fire testing
is adopted. The two above mentioned aspects highlight the lack in comprehension of the governing
mechanisms and their relation. This might lead to a highly conservative design and as a conse-
quence an unnecessary rise of the costs.

Stressing the relevance of this topic and taking a look in what is happening in actual practice,
one could see that fire scenarios and structural checks, like spalling, appear to be most of the times
disconnected topics within the field of Fire Safety. More specifically, this disconnection is due to the
fact that the two topics are being treated separately and the results coming from the one are often
not being directly used by the other.

This disconnection between both topics, in the view of the author, raises urgency for relevant
research, both scientific and practical. This involves analysis of the key aspects and the relevant
relationships. The goal is to obtain an optimized and better design approach intended to improve
the cost benefits.

3
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4 2. PROBLEM STATEMENT, RESEARCH QUESTION, OBJECTIVES AND METHODOLOGY

RESEARCH QUESTION

Within the actual state of the art in tunnels engineering, under which conditions is it advantageous
to incorporate real fire scenario in combination with a spalling mechanism model in the structural

safety checks of road tunnels?

Sub-questions:

• Which parameters are mainly influencing the fire scenarios? How can they be taken into ac-
count to calculate a temperature profile in the tunnel, and what is subsequently a worst case
fire curve based on an actual scenario?

• How can the spalling mechanism be described and modelled at a structural level? Can such
a model follow spalling test results and describe effects such the prevention of the spalling
mechanism by the addition of PP-fibers into concrete mixture?

RESEARCH OBJECTIVES

The research objective is the comparison of tunnel structural safety checks between the actual
method, making use of standard fire curves and spalling test procedures, and a new site-based one

(method) to be developed. That will come as a result after deriving the most probable occurring
fire scenario and developing a spalling mechanism model at structural level in order to understand
if cost-benefits and a better understanding in tunnels design-phase using the site-based approach

can be obtained.

The research objectives of this thesis can be summarized in the following main points:

1. derive the most probable fire scenarios;

2. develop a new spalling mechanism model;

3. compare the standard design fire curves used in practice with the derived fire scenarios;

4. compare the spalling test procedures with the derived spalling model.

METHODOLOGY

The methodology applied to carry out the work in this master thesis is graphically synthesized in
Fig.2.1. The work has been conducted using three different approaches throughout the thesis:

1. theoretical approach;

2. analytical approach;

3. numerical approach.

After the definition of the research inputs, research about the fire dynamics and spalling mech-
anism has been conducted in parallel. In the final stage of the thesis, the interaction between these
two aspects has been investigated.
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3
STATE OF THE ART

This chapter aims at making the reader familiar with the concepts explained further in the thesis. A
literature overview over fire dynamics, spalling mechanism and their relations is exposed. Moreover

additional topics such as a general overview of tunnel design and use, computational fluid dynamics
and laws and regulations are highlighted.

3.1. TUNNELS: GENERAL INTRODUCTION
A tunnel is an underground passageway characterized by the presence of an enclosed space with the
exception of the entrance and the exit. In general, a tunnel can be built with the purpose of serving
as utility tunnel, aqueduct, sewer, etc. In this master thesis focus will be given to road tunnels.

Many tunnel typologies exist. The main ones, as reported in [16] are: cut and cover, cast in situ,
tunnels excavated through rock and immersed tunnels. The width of the tunnel varies depending
on the tunnel use. A tunnel can be uni-directional or bi-directional. Additional space for emergency
lanes in some cases needs to be taken into account.

Emergency exits are present, depending on the tunnel specific configuration, in accordance
with the tunnel user safety rules. As an example, NFPA[3] and LTS(Landelijke Tunnel Standaard)
provide indications on how to meet these safety requirements.

A tunnel is provided with numerous technical installations such as road signs, emergency signs
and lighting systems. Two installations worth mentioning more in detail are the ventilation system
and the Fixed Fire Fighting System (FFFS).

Ventilation is a measure adopted in order to control and regulate fire, smoke, air pollutant, heat
and evacuation procedures. Ventilation can be divided into two categories: natural ventilation and
mechanical ventilation. Natural ventilation relies on meteorological and traffic conditions and is
rarely applied due to the unpredictability in meeting the required safety conditions at every moment
in time [16]. Short tunnels make sometimes use of natural ventilation [27]. In general, especially for
long tunnels, mechanical ventilation systems are applied. Various mechanical systems exist, but the
focus will be on the two most widely used systems: Longitudinal ventilation and Transverse venti-
lation. Longitudinal ventilation is used to create a longitudinal flow of air with the help of either jet
fans, nozzles, shafts or a combination of them as reported in [27]. Fig.3.1 shows two tunnels exam-
ples making use of longitudinal ventilation. Transverse ventilation is used to create a transversal air
flow with the help of supply and exhaust vents. In Fig.3.2 an example of it is shown.

FFFS are piping systems supplying extinguishing agents or water to regulate and mitigate the
effect of fire and its by-products (heat, smoke, etc.) in a tunnel [18]. Water FFFS are widely used and
have been extensively studied during the large scale fire tests carried out during SOLIT [42],[12] and

7
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(a) Example 1

(b) Example 2

Figure 3.1
Longitudinal ventilation examples. Retrieved from [27]

Figure 3.2
Transverse ventilation example. Retrieved from [27]
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Figure 3.3
Thesis aim

UPTUN [43] research projects. In these tests the water mist systems have been studied. Water mist
systems are defined as systems which, for 99% of the water volume, release droplets with a diam-
eter less than 1 mm [18]. Droplets can be released with different water pressure causing different
response of the fire development.

3.2. TUNNELS: FIRE AND STRUCTURAL DESIGN
For a tunnel various possible fire scenarios can be considered based on, for instance, location, ge-
ometry and traffic. All these scenarios are characterized by a Heat Release Rate (HRR) referring to
a single or multiple objects burning. The HRR can be seen as the basic component of a fire and is
not only an intrinsic characteristic of the object, but it is also influenced by the surrounding envi-
ronment. Based on the thermal energy development, expressed by the HRR, a certain temperature
response at a given location will take place. In particular, fire curves represent the temperature
development in time. Regulations often impose the use of Design Fire curves, which represent the
worst scenario in terms of thermal impact for a given location. The curves adopted are mainly based
on experimental data which have the consensus of technical committees. A fire curve will usually
describe the temperature development for the first 60 to 180 minutes after the ignition phase [27].

Spalling, on the other hand, is the detachment of pieces of concrete from the tunnel lining
caused by fire exposure. Concrete characteristics influence this mechanism, but also the typology
of the fire exposure play a major role. The fire is the necessary ingredient for spalling to occur. At
the same time, the structural geometry influences how the fire affects the concrete and the concrete
characteristics influence how the temperature rise progresses into the cross section.

In order to visualize the two topics (Fire dynamics and Spalling mechanism) on which this thesis
focuses and to understand the relation between them, reference is given to Fig.3.3.

3.3. FIRE SCENARIOS
A combination of theoretical background and well-known results used in practice have been com-
bined together in this section in order to give a broad overview of the issues related to the fire mech-
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anism in a tunnel. This is needed in order to be able to analyse the fire dynamics in a tunnel and
capture the aspects relevant for the spalling mechanism.

Fire scenarios can consist of an infinite number of cases, but some indications on the most
realistic ones can be looked up in a fire historical accidents record. From Appendix A it can be seen
that collision as well as fire spreading from one vehicle are possible fire scenarios. It has, in any case,
to be noted that the fire progress, spreading from a single vehicle, is a key ingredient for tunnel fire
dynamics. On top of that, this influence the fire spread. As reported by Ingason [6, ch. 13] a tunnel
fire develops and involves completely different aspects compared to a fire occuring in a building or
in the open air. In this thesis attention is specific on fire in road tunnels. This allows for a larger
variety in both tunnel cross-sections as well as fire scenarios.

3.3.1. FIRE PROGRESS

A fire can take place only if Oxygen, Fuel and Heat are all present (Fig.3.4a). The optimal fire com-
bustion in air occurs if oxygen and fuel amount are present in accordance to the stoichiometric
combustion reaction relation [6]. At the same time, pyrolysis occurs for the organic fuel material
present. Pyrolysis is a decomposition reaction affecting the organic materials exposed to heat and
does not necessitate of supply of oxygen [4]. The combination of these two phenomenon deter-
mines a certain fire progress which can be divided into stages.

The Fire stages are schematically shown in Fig.3.4b and are: Ignition, Fire growth, Flash-over,
Fire development.

Ignition: the necessary first step for a fire to start. Several are the causes for a fire to start. Among
them, there are the ignition from a vehicle, collision/explosion and crash due to accidents. Martin
in [6, ch. 3] indicates that some of the main causes of vehicle ignition for a HGV are:

• Fuel leak, if a fuel leak reaches the engine or other hot surfaces, such as the exhaust parts,
cause this fuel vaporisation which can subsequently ignite to form the combustion process.
Similarly fuel vaporised and ignited from a big tanker truck leak can cause a significant pool
fire in a tunnel;

• Oil vaporisation, if a rupture occurs in the hydraulic system and lubricant gets into contact
with hot surfaces;

• Electrical defect, is a persistent heat source that might lead to the ignition if it enters into
contact with the fuel;

• Friction of internal mechanical parts, similarly to an electrical defect this is a persistent heat
source.

Fire spread: the early phase development of a fire.
Fire spread can be examined only after the heat transfer mechanisms have been highlighted.

In practice oxygen and fuel are available before the start of a vehicle fire. The heat is the missing
component and cause of a fire ignition and spread. According to Bonacina et al. [7], the heat can be
transferred in the following ways:

• conduction, transfer of kinetic energy from molecules from a high temperature zone to a lower
temperature zone (qcond );

• convection, relative movement of fluid particles (qconv );

• radiation, electromagnetic waves propagation (qr ad ).
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Eventually, fire spread is influenced by the heat transfer which, in a tunnel, depends mainly on
its geometry and the ventilation conditions.

Fire spread is also the cause of ignition for vehicles in the proximity of a fire already occurring.
The common cause of ignition is the heat reaching the fuel material through convective and radia-
tive heat transfer. In the case of a multi-vehicle fire, as discussed by Ingason in [6, ch. 13], the main
causes of ignition of a second or subsequent vehicle are:

• Flame impingement, flames can developed and might reach a vehicle in the vicinity. In a
tunnel fire, the reduced height of the ceiling compared to the flame length, causes a flame to
spread horizontally along the ceiling;

• Surface Spread;

• Remote Ignition, through radiative or convective heat transfer is one of the main heat transfer
mechanism;

• Fuel transfer, after leakage of fuel from the first vehicle the fuel and subsequently the fire can
spread to other vehicles;

• Explosion.

Flash-over: the moment in time when all the combustible material suddenly ignites.
Flash-over occurs due to the faster energy generation rate with temperature compared to the

aggregated energy losses, which gives rise to thermal instability as reported by Ingason [6, ch. 13].
This instability occurs in particular in compartments. In tunnel fires the conventional flash-over
does not usually take place, due to the presence of the two portal openings [27].

On the other hand, that is not the only possible mechanism occurring after the fire growth. Other
possible situations are:

1. Back draft, can take place in the case there is a lack of oxygen already in the spread phase, the
fire will continue burning at a reduced rate. In the case of a sudden supply of oxygen while
the fuel is not fully burned, the combustion reaction will suddenly increase, causing a steep
temperature increase that leads to flash-over;

2. Smoke gas explosion, can occur if a cold mix of combustible gasses fill a certain zone and at
some point, in the same location, ignition occurs. In the case of hot gases, ignition might
occur earlier and the fire progress explained before would occur. For cold combustible gases
this is prevented and the compartment can be filled with an explosive mix, that will give rise
to a smoke gas explosion as soon as there is ignition

Fire Fuel controlled: the case when a fire is governed by the amount of fuel due to the abundance
of oxygen present.

In [6] it is reported that, after flash-over, this is the most recurrent case for a single car or Heavy
Goods Vehicle (HGV) fire.

Fire Ventilation controlled: the situation when a fire is governed by the amount of oxygen reach-
ing the fire location.

In such a case, there is not sufficient oxygen to burn all the available fuel according to the sto-
ichiometric relation. In [6] it is highlighted that the above is the most recurrent case for a multi-
vehicles tunnel fire.
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(a) Fire components (b) Fire stages

Figure 3.4
Fire process basis

3.3.2. TUNNEL FIRES

In the following subsection tunnel fire dynamics and more in particular the main fire components
are discussed. An example of the Gotthard tunnel fire occurred in 2001 is shown in Fig.3.7a. The
concepts mentioned below are valid for vehicles fires and liquid pool fires. Other types of tunnel fire
dynamics can involve, for instance, Boiling Liquid Expanding Vapour Explosion (BLEVE) or Vapour
Cloud Explosion (VCE). These are however not in the scope of this thesis.

FUEL IN TUNNELS

In a tunnel, objects that are fuel components are the vehicles passing through it. The tunnel itself
and its parts, such as the side barriers, are negligible. The following fuel typologies can be consid-
ered:

• Cars;

• Busses;

• HGV 1;

• Tank vehicles which, in many cases, can be analysed as a pool fire due to the likely event of
spillage of the liquid stored in it 2. Pressurised tanker can also lead to a torch fire which is
caused by the ignition of a leaking gas.

OXYGEN IN TUNNELS

Oxygen is the second basic parameter governing the fire process. For a tunnel fire there are multiple
parameters influencing the oxygen supply as can be seen in Fig.3.5, which are:

• Smoke: it is a product of the combustion and mainly stratifies as a buoyant layer in the upper
part of the tunnel cross section. It is mostly located above a cold layer of air which extends
to the fire location. The two layers can mix with each other under unstable conditions which
depends on many aspects such as ventilation and tunnel geometry as highlighted in [6]. This,
indeed, affects oxygen supply;

• Ventilation: some of its main roles are control the smoke flow and and the removal of con-
taminants in a tunnel as reported in [27]. At the same time ventilation affects oxygen supply,
smoke layer instability and HRR;

1the fire load of an HGV can vary significantly, depending on the type of goods transported
2as it applies for HGV, the fire load can vary significantly depending on the type of liquid transported
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Figure 3.5
Parameters influencing oxygen supply

• External conditions:, the ambient conditions at the portals such as wind determine the oxygen
supply (higher input of oxygen per unit time) as well as the instability of the smoke layer (more
turbulent mixing air/smoke in the inter-phase layer);

• Tunnel dimensions: regarded as length and cross section. These alter the amount of oxygen
that reach the fire location;

• Obstacles: cause the reduction of the oxygen that can reach the fire.

HEAT IN TUNNELS

The HRR is the basic parameter describing the heat produced in a fire and depends on a large
amount of factors. The following parameters are in this respect mentioned:

• Tunnel cross section: for a smaller cross section the heat dissipates more slowly, resulting in a
increased HRR at the fire location;

• Tunnel length: for a shorter tunnel, higher are the chances for environmental external condi-
tions, such as wind, to alter the heat dispersion;

• Ventilation: for higher ventilation speeds, the HRR increases compared to the case without
ventilation. Dependent on the ventilation the HRR can increase by a factor 10 times according
to Ingason [25];

• Oxygen/Fuel: have both a direct influence on the HRR. In case of a lack of oxygen compared
to the optimal combustion proportions, as already described for Ventilation Controlled fire,
a reduced HRR will be present. At the same time, a fuel with the same calorific content, but
different components materials might result in a different HRR as discussed in [6, ch. 14] and
shown in the table of Fig.3.6 ;

• Ambient conditions: such as the ambient Temperature (Ta) will influence the specific heat
capacity (ca) and density of air (ρa). These influence the heat development and the maximum
temperature in a tunnel according to Heselden in [20] ;
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Figure 3.6
Passenger cars experimental HRR data. Retrieved from [25]

(a) Tunnel fire. Retrieved from [34] (b) Spalling. Retrieved from [61]

Figure 3.7
Fire Dynamics and Spalling Mechanism

• Multiple Fire locations: will influence the HRR, giving rise to a higher HRR compared to the
case of a single fire of one of the vehicles;

• Fixed Fire Fighting Systems (FFFS): are active fire protection measures, which influence the
HRR, in a way such to suppress or control the fire development as stated by Håggkvist [18].

3.4. COMPUTATIONAL FLUID DYNAMICS
Tunnel fires are characterised by complex three dimensional flows. The energy release leads to
buoyant forces governing the fire development. This development is influenced by turbulence and
heat transfer which are themselves in relation with the tunnel geometry and ventilation conditions
[6]. All these relations contribute to make a tunnel fire a complex phenomenon to understand and
model.

Computational Fluid Dynamics (CFD) techniques have been developed to cope with situations
involving such complexity. Fire and smoke behaviour in relation to safety assessment of tunnel
infrastructures have been studied with the help of CFD software’s. In the Performance Based Design
these are quite often used by specialists in the industry.

CFD softwares solve the Navier-Stokes equations, consisting of a set of partial differential equa-
tions describing mass, energy and momentum conservation laws [16]. These are solved on a finite
number of control volumes and require the definition of boundary conditions. In order to do so, the
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tunnel under consideration has to be discretized through the definition of proper mesh volumes
and boundary conditions. Different solutions methods characterize different CFD packages. As-
sumptions need to be made and inaccuracies can occur. Different CFD softwares focus on different
aspects of fluid dynamics problems and are designed to model particular features [6].

Figure 3.8
FDS combustion models. Retrieved from [17]

One of the most fundamental limits present
in CFD softwares use are the procedures ap-
plied to average the model equations. In gen-
eral two main alternatives are used: the Navier-
Stokes equations time averaged form (RANS)
and the Large Eddy Simulation (LES). The for-
mer requiring a finer mesh, but allowing for the
use of symmetry conditions. The solution of
the system of equations require to make some
assumptions and the results obtained need in-
deed to be verified and validated for every given
application. Verification takes care of checking
the correct solution of the system of equations
while validation often implies the comparison
and agreement of results of full-scale tests and
CFD models [6].

In this thesis the Fire Dynamics Simulator
(FDS) software has been used. It is a software
developed to solve fire driven fluid flows by the

National Institute of Standards and Technology of the US Department of commerce (NIST) in co-
operation with the VTT Technical Research Centre of Finland. It is a software which focus on fire
smoke and heat transport phenomenon of low-speed thermally driven flows [16].

FDS has been used for many applications such as pyrolysis modelling, flame spread, fire growth
and heat and combustion products transport. FDS makes use of a series of models and assump-
tions. The following aspects relevant to this thesis are here highlighted:

• Hydrodynamic model: the software allows both LES and RANS averaging techniques. The first
one is the default option and requires a lower computational time compared to the RANS to
obtain comparable accuracy;

• Combustion model: three combustion models are included. The first being a single step reac-
tion whose products are the mass fraction of burned and unburned fuel and in which oxygen
availability affects the reaction efficiency. A two step combustion model including the oxida-
tion of fuel to carbon monoxide and the subsequent oxidation of the latter into carbon dioxide
is also available. Lastly, a multiple step model can also be defined by the user. In FDS the fire
can be prescribed specifying directly the Heat Release Rate on a surface, which is than used
to model the fire as a gas phase combustion. This is possible using the one step combustion
model. It is also possible to model both the solid phase pyrolysis and gas phase combustion
when the multi-step model is used and the thermophysical properties of fuel materials are
specified. In Fig.3.8 a representation of this two possibilities is shown;

• Radiation model: a gray gas transport equation solution is used to model the radiative heat
transfer. The fire radiation from the fire is set as a fraction of the chemical energy released in
a mesh cell by the flames.

3.5. SPALLING MECHANISM
Following the definition of Khoury et al. [28], spalling (Fig.3.7b) is defined as:
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(a) Moderate spalling. Retrieved from
[44].

(b) Significant spalling. Retrieved from
[14].

(c) Significant spalling reaching the reinforcement.
Retrieved from [35].

Figure 3.9
Different degrees of spalling damage

"The violent or non-violent breaking off of layers or pieces of concrete from the surface of a structural
element when it is exposed to high and rapidly rising temperatures as experienced in fires"

In Fig.3.9 different level of spalling damage are shown. The first evidence of spalling is reported
by Khoury et al. [28] to occur within the first 5-30 min from the start of the fire. According to Min-
deguia [38], typical lengths of the spalled pieces varies between 1 and 30 cm and the thickness can
be equal to a couple of centimetres. The results obtained in the tests described in [31] show that the
spalling mechanism can have a repetitive nature and occur frequently during a fire, causing multi-
ple layers to be removed from the cross-section. Also more isolated, single occurrences reflecting
spalling of larger pieces are reported in [28], causing sudden and sometimes significant damage to
the cross-section.

The consequences for the concrete structure could be multiple, leading in extreme cases, to
either the collapse of part of the structure or the redistribution of forces with associated deforma-
tions, as reported by Khoury et al. [28]. A main cause of collapse of the structure is the exposure of
the reinforcement to fire due to the detachment of the concrete cover which act as protective layer.
Exposure of the reinforcement bars to high temperatures cause the degradation of the mechanical
properties and could ultimately lead to the failure of the whole structure.
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Figure 3.10
Pore pressure - Thermal stresses Spalling mechanism

In order to avoid the collapse and limitate the damage, protective measures are applied. In the
fib technical report [11], for instance, polypropylene fibers in the concrete mix or thermal barriers
applied to the fire exposed surface are indicated.

3.5.1. PORE PRESSURE AND IMPOSED THERMAL DEFORMATIONS

Many studies in order to explain the mechanism causing spalling phenomenon have been con-
ducted.

Imposed thermal deformations: in 1963, Kordina [30] developed a theory describing spalling
as the consequence of imposed deformations with corresponding thermal stresses caused by the
temperature development in the element.

Pore pressure: a different approach was followed by Harmathy [19], who in 1965 developed
a theory pointing the attention to moisture evaporation in the element causing pressure develop-
ment in the pore system, leading to spalling. Following his work, Waubke [63] did one of the first
calculations based on pore pressure development.

Pore pressure and Imposed deformation combined: Meyer-Ottens [36] and Zhukov [65] asso-
ciated the possible causes of the spalling mechanism to a combination of pressure development
and thermal stresses (Fig.3.10)

3.5.2. BUCKLING INSTABILITY

Recently, according to Lottman [34], an alternative possible explanation for the spalling mechanism
has been proposed. The occurrence of spalling is linked to restrained thermal deformations with
the instability of heated layers at the fire exposed surface being governed by a form of buckling. The
thickness of the layer seems to be related to the crack pattern arising in the concrete and different
behaviours have been recorded for High Strength Concrete (HSC) and Normal Strength Concrete
(NSC).

The above mentioned theory is supported by the results of FEM analysis done on different con-
ditions, such as structural loading, concrete type, fire scenarios. The FEM model was derived cou-
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pling fracture mechanics and temperature/pore pressure developments. Comparison to various
results from full-scale fire test have been made to assess and analyse the simulated behaviour.

The study furthermore suggests the idea that a pore pressure model is insufficient to describe
the spalling mechanism. This is due to the fact that concrete, after structural loading or at the be-
ginning of the fire exposure, will crack and create voids where moisture can expand. The model in
particular showed that the connectivity of the crack pattern in the heated surface layer allows mois-
ture to escape and mitigate the pore pressure development. The resultant influence on the local
stress state was found to be limited in comparison to the stresses arising from the steep tempera-
ture gradient.

3.5.3. INFLUENCING PARAMETERS

Through mainly extensive full-scale testing various parameters have been found that influence the
spalling phenomenon ([28],[21],[31],[38]). For the purpose of connecting to the topic involving fire
scenarios, the influencing parameters can be separated in two categories, as shown in Fig.3.11.
Namely, these are the External parameters, related to the fire load acting on the element, and the
Internal parameters related to the intrinsic element characteristics.

The influencing parameters are highlighted below:

{
EXTERNAL PARAMETERS 99K SPALLING(Tmax , tTmax ,Exposed Area,Rad. & Conv. Fluxes)

INTERNAL PARAMETERS 99K SPALLING(Concrete,Reinforcements)

Figure 3.11
Spalling influencing

parameters

In Khoury et al. report [28] and in related references it was observed
that the maximum temperature (Tmax ), the heating rate, which can sim-
plistically be represented by the time needed to reach the maximum
temperature (TTmax ), and the exposed surface are substantially affecting
the spalling mechanism. In the tests carried out by SOLIT2 Research Pro-
gram [12], the fundamental influence of radiative and conductive heat
fluxes on the spalling occurrence is highlighted.

Whether spalling is considered as a result of pore pressures or ther-
mal stress development, the temperature profile inside the concrete is of
primary importance. One of the most widely used approaches to find the
temperature profile is the use of Fourier unidirectional heat equation,
mentioned for instance by van Breugel et al. in [8]. In the determina-
tion of the temperature outline, the following concrete parameters are of
importance: Concrete density (ρc ), Concrete specific heat capacity (cc )
and Concrete thermal conductivity (λc ). In case of considering the imposed thermal deformations
and specifically the instability by buckling the following concrete characteristics are of importance:
Young-Modulus (Ec (T )) and thermal elongation (εc (T )). In Austria a test series by the FSV found
that the reinforcement set-up influence the detachment of concrete [31].

EXTERNAL PARAMETERS INFLUENCING FACTORS

In section 3.3, the complexity and the parameters involved in tunnel fires have been elaborated.
Various of these parameters (Tmax , tTmax ,Exposed Area,Rad. & Conv. Fluxes) govern the fire load and
have an external influence on the spalling process. Through literature review it has been found
that the following six influencing factors in relation with the external parameters can be mentioned:
Tunnel geometry, Scenarios, Ventilation, Portal openings, FFFS, Obstructions. The implications be-
tween the external parameters and influencing factors will be explained and supported with rele-
vant studies and experiments in the paragraphs below. In order to keep track of the relations be-
tween them, reference is made to Fig.3.12.
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Figure 3.12
External parameters influencing spalling
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Figure 3.13
Radiation Flux recordings (Water mist used). Retrieved from [12]

Radiative & Convective Fluxes: these are the heat per unit area and per unit time that is carried
away from the fire location via convection and radiation. Correlation with the other external pa-
rameters is as follows:

• Maximum Temperature: is related to the Radiative & Convective Fluxes. The fluxes surround-
ing the fire location greatly influence the HRR, which is directly related to the maximum tem-
perature. For instance, in the model developed by Heselden in [20] the estimate of the maxi-
mum ceiling temperature is based on the smoke production in which the percentage of radi-
ation that is able to leave the fire location has a great impact;

• Time to maximum temperature: has a direct relation with the Radiative & Convective Fluxes
that determine the HRR in the post-flash-over fire growth phase as highlighted in [23];

• Exposed surface: the relation with the Radiative & Convective Fluxes is two-fold. First, the ra-
diation in the proximity of the fire influences the amount of heat that reaches the surrounding
surfaces. Secondly, radiation is one of the causes of fire spread. This affects the scenario and
the locations at which the fire exposure occurs.

At the same time, many of the influencing factors have an impact on them. Namely those are:

• TUNNEL GEOMETRY and SCENARIO

• VENTILATION, it enters into play for the convective heat transfer. In particular, in proximity
of the concrete elements the convective heat transfer coefficient is greatly dependent on the
wind speed, as shown by van Breugel et al. in [8];

• FIXED FIRE FIGHTING SYSTEMS (FFFS), it has been proven by recent experimental results pro-
vided by SOLIT2 [12] that water mist, which is a FFFS, considerably reduce the radiation flux
spreading in the vicinity of the fire. The results are shown in Fig.3.13;

• OBSTRUCTIONS, these define the fluxes spreading from the fire location and, perhaps act as
shield for some parts of the tunnel from them.

Maximum Temperature (Tmax ): is the highest temperature reached in the tunnel. This is usually
below the ceiling in the proximity of the fire location. The main factors influencing the maximum
temperature are:



3.5. SPALLING MECHANISM

3

21

• TUNNEL GEOMETRY, it affects the radiation and convection behaviour in the smoke/air mix;

• SCENARIO, it determines the global HRR as combination of all the HRR’s of the vehicles in-
volved in the fire at different moments in time and location;

• VENTILATION, it influences the HRR as mentioned by Ingason [25]. In the work of Li et al.
[32], the combined effect of maximum ceiling temperature, HRR and ventilation is analysed.
For instance, if the ventilation is above a certain critical value, the following two mechanisms
occur:

1. the maximum temperature increases linearly with the HRR;

2. the maximum temperature decrease linearly with the ventilation.

At the same time, for a higher ventilation, as mentioned before, the HRR tends to grow. It is
evident that all the three above mentioned effects are in relation and influence each other.

• PORTAL OPENINGS, it has been studied numerically by Huang et al. [22] the effect of totally
or partially sealing the tunnel entrance during a fire. In this work, whose results are shown in
Fig.3.14 , it has been found that for HRR below 50MW, the maximum temperature increase.
On the other hand, for HRR above this value the maximum temperature is considerably re-
duced. Considering the fact that in a tunnel the HRR that is being considered in the design is
greater than 50MW, the above-mentioned effect is of interest;

• FFFS, they greatly influence the temperature development in the tunnel. The results obtained
in the SOLIT2 Research Program [12] suggest that the use of FFFS can stop the maximum tem-
perature development, as can be seen from Fig.3.15a using water mist. As one of the causes
of the previously mentioned effect, there is the effective contribution of the FFFS in blocking
the HRR grow which in this case is kept limited to a constant value as shown in Fig.3.15b.

• OBSTRUCTIONS, those are the vehicles, but also the technical installations present inside the
tunnel. They influence the ventilation reaching the fire location. The effect have been studied
by Rojas Alva et al. [47] and it has been found that the vehicular blockage ratio affects the
critical velocity (vcr ), which is a key parameter in the fire behaviour and will be explained
more in detail later on in Chap.4.

Time to maximum Temperature (TTmax ): is the time before the the maximum temperature is
reached. The main factors influencing the time necessary for the highest temperature to be reached
are:

• TUNNEL GEOMETRY and SCENARIO, the same reasons stated for the maximum temperature
apply in this case;

• VENTILATION, it affects the HRR post-flash-over fire growth, as presented by Inganson in [25].

Exposed surface: is the surface that is exposed to the high temperatures caused by the fire. The
main factors influencing the exposed surface are:

• TUNNEL GEOMETRY, the tunnel height greatly influence the development of flames. For low
ceiling and/or high HRR, the flame will not only develop vertically, but it will also bend and
spread horizontally along the ceiling [6]. In addition to that, as studied by Liu et al. the tunnel
cross section has an impact on the temperature decay along the tunnel length [33]. For a
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(a) HRR=20 MW (b) HRR=30 MW

(c) HRR=50 MW (d) HRR=100 MW

Figure 3.14
Sealing ratio effect on maximum temperature. Retrieved from [22]

(a) Temperature development. Retrieved from [12] (b) HRR development. Retrieved from [18]

Figure 3.15
FFFS influences on maximum ceiling Temperature
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(a) Cross Section. Retrieved from [33] (b) FFFS. Retrieved from [12]

Figure 3.16
Exposed Area influencing parameters

broader cross section, represented by a greater sectional coefficient (ζ3), the temperature at
the tunnel surface decreases more compared to a narrower section as depicted in Fig.3.16a ;

• SCENARIO, the vehicle position is, undoubtedly, of influence for the exposed area. In the case
of a vehicle close to the tunnel side wall, the surface involved in the fire zone at high temper-
atures will involve both the ceiling and the wall;

• VENTILATION, it has an effect on the flame behaviour. For a higher ventilation, as stated in [6],
the horizontal flame length tends to increase. Under these circumstances also the chances of
fire spread due to flame impingement are higher;

• FFFS, the temperature in proximity of the fire is drastically reduced by the use of FFFS, such
as water mist, as shown by the test carried out by SOLIT2 [12]. In Fig.3.16b, experimental
results are shown about the temperature development in time at different distances from the
fire.

3.6. LAWS AND REGULATIONS
Laws and Regulations regarding fire and spalling in concrete tunnel infrastructures will first be im-
posed by the European Union. The main specifications for the engineering practice are found in
Eurocode 1, part 1-2 [50], Eurocode 2, part 1-1 [51], Eurocode 2, part 1-2 [52] and their National
Annexes.

This thesis focuses on the procedures followed in The Netherlands for which the Dutch govern-
ment imposes the laws (Bouwbesluit, WARVW, RARVW) whereas Rijkswaterstaat releases the major-
ity of the directives (LTS, ROK). The additional regulations in The Netherlands for concrete tunnels
are (Fig.3.17):

• WARVW (Wet Aanvullende Regels Veiligheid Wegtunnels), which is the Dutch road safety Law;

• RARVW (Regeling Aanvullende Regels Veiligheid Wegtunnels), which are the regulations for
additional safety road tunnels;

• LTS (Landelijke Tunnel Standaard), which sets functional requirements and standard pro-
cesses for construction and management of tunnels;

3ζ= A
H 2
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Figure 3.17
Concrete tunnel regulations (NL)

(a) Hydrocarbon curve (b) RWS curve. Retrevied from [39]

Figure 3.18
Design fire curves (NL)

• Bouwbesluit, which sets requirements for health,safety, usability, energy efficiency and envi-
ronment of constructions;

• ROK (Richtlijnen Ontwerp Kunstwerken), which are the guidelines for structures design;

In The Netherlands only tunnels longer than 250m are designated as such. Whenever the length
is longer than 500m additional measures have to be met.

3.6.1. FIRE REGULATIONS

For a new tunnel in The Netherlands, unless specified otherwise in the contract, two main fire curves
must be used to check the structural capacity (including spalling). For the closed part of the tunnel
the temperature development in time according to the RWS-curve has to be resisted whereas for
open parts, such as the access ramps, a slightly more moderate Hydrocarbon curve is used. In the
case of under-water tunnels or tunnels with high economical significance the time frame of the
temperature development has to be 120 minutes whereas for all the other cases is set at 60 minutes.
These curves are depicted in Fig.3.18.

The Hydrocarbon curve is highlighted in the European Standard [49] and describes the temper-
ature profile for a standardised petroleum fire. Compared to the RWS-curve, it describes a situation
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with a fire developing in a relatively open space from which the heat can escape. Secondly, for the
Hydrocarbon curve the value of the Convective Heat Transfer Coefficient (αc = 50W/m2K) is pre-
scribed in Eurocode 1, part 1-2 [50].

The RWS-curve was developed on the basis of the TNO scaled tests reported in [55] and [56]
in 1979-1980. The tests were carried out in a scaled tunnel of 2x2 meters, with a length of 8 meters.
Four steel containers aligned along the length of the tunnel, filled with gasoline, were set on fire. The
gasoline supply was maintained constant with the help of an input supply system and temperatures
were recorded at different locations along the roof. Fig.3.18 shows the test set-up and the recorded
temperatures compared to the RWS curve and the Hydrocarbon curve.

It is worth mentioning here that TNO, in 1992, carried out a series of Computational Fluid Dy-
namics calculations (CFD) for Rijkswaterstaat using as input a tunnel with a height of 5 m, width of
10 m and length of 600 m. Different scenarios were analysed, calculating as worst scenario temper-
ature development a pool fire of 142m2 caused by fuel leaking of a gasoline fuel tank with a capacity
of 50000L and an HRR of 301MW. A temperature development profile with an onset behaviour and
maximum temperatures reaching and sometimes overshooting the RWS curve values were found.
In Fig. 3.20a an example of temperature development of a pool fire (142m2) with a ventilation of
1ms−1 is shown.

3.6.2. SPALLING REGULATIONS

In the Dutch regulation [2] it is stated that spalling must be in any case avoided. The reason for
stating "no-spalling" as well as temperature demands for concrete and structural reinforcement is
that it should be possible to repair a tunnel after a fire has occurred.

In order to check whether a certain tunnel element is fulfilling the above-mentioned require-
ments, full-scale fire tests need to be done in accordance with the Efectis report [9]. These have to
be representative for the tunnel (fire curve, loading and concrete). The addition of PP-fibers or use
of protection measures are recommended due to the known beneficial effects in terms of spalling
prevention and/or limitation. It is also common practice to increase the concrete cover thickness to
met the temperature demands. A new fire test is not compulsory in the case of a fire test carried out
within the previous 3 years under the same conditions.

The previous version of the Richtlijnen Ontwerp Kunstwerken [1] contained indications of con-
crete mixes that were allowed to be used to avoid spalling. The Brawat test [57] lead to a C28/35
mixture with a maximum cement CEM IIIB amount of 340kg/m3. In the Leidsche Rijn tunnel other
2 mixtures were allowed cointaining PP fibres and limestone. For these mixtures there was no need
for full scale tests. The Brawat test were carried out during the construction of the second Benelux
tunnel. In the test a partially protected concrete element was used as shown in Fig.3.20b. Minor
damage occurred in the part of the wall that was unprotected and exposed to the RWS-curve.
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(a) Temperature profiles (b) Experimental setup.
Retrevied from [56]

(c) Conditions during fire. Retrevied from [56] (d) Post-fire conditions. Retrevied from [56]

(e) Experiment location. Retrevied from [56]

Figure 3.19
RWS curve full-scale experiments
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(a) CFD Temperature results. Retrevied from [59] (b) Experimental setup. Retrevied from [57]

Figure 3.20
TNO fire tests and numerical simulations





4
FIRE DYNAMICS

In this chapter the basics of the fire dynamics that take place in a tunnel fire are analysed. Analytical
models are proposed to calculate various aspects of the fire. The models focus mainly on two fire

typologies which are the fire caused by the ignition of vehicles such HGV and pool fires. The aspects
that have been treated are:

• Maximum temperature in the tunnel;

• Horizontal flame lengths;

• Temperature decay along the tunnel;

• Smoke layer instability;

• Fire spread between vehicles.

A numerical model able to estimate the temperature profile of a concrete element exposed on one side
to the fire is also proposed. Finally results obtained using the above mentioned models are shown

and discussed and subsequently conclusions drawn.

The most common scenarios to be considered in a tunnel explosion/fire for different tunnels
classification, in agreement with the ADR (European Agreement concerning the international car-
riage of Dangerous goods by Road) as reported by Vagiokas et al. in [62], are the ones shown in
Fig.4.1. In this thesis we will focus on vehicles (Car and HGV) fires and pool fires. These are among
the most common fire scenarios in tunnels.

4.1. VEHICLES
The fires caused by vehicles are subdivided in this thesis into two main categories: Cars and HGV.

4.1.1. HRR
This subsection focuses on the HRR of the considered vehicles. Data of HRR in tunnel fires were
found in literature [6]. These come from full-scale tests carried out in tunnels and are shown in
Fig.4.2. Based on the available results the HGV HRR were subdivided in two subcategories: HGV
with low and high fire load content (Q). The tests results that were considered are the ones which
involved no ventilation in the tunnel while the fire was burning. As mentioned in subsection 3.3.2,

29
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Figure 4.1
Tunnel categories and scenarios. Retrieved in [62].

ventilation strongly affects the HRR. The aim, in this stage, is to retrieve HRR data which are inde-
pendent from the ventilation.

The hypothesis that are in common for all the retrieved data are the following:

• full-scale tests carried out in tunnels;

• no ventilation considered (v = 0,5ms−1)1;

The HRR of the only available test carried out with HGV with high Q (Fig.4.2a) was set up with a
ventilation of 3ms−1to6ms−1. According to Ingason in [25], the HRR could increase of a factor of 4
for a longitudinal flow rate of 3ms−1. The maximum HRR of the HGV high Q was then reduced of 4
times to get rid of the effect of the ventilation, while the time to reach the maximum HRR was kept
the same. The maximum HRR was subsequently fixed to 30MW.

The HRR development in time were modelled with simple shapes. From the tests results the
following info were retrieved:

• maximum HRR (HRRmax );

• time till the maximum HRR (tHRRmax );

• energy content.

For both cars and HGVs the energy content of the modelled HRR was kept equal to the one
recorded in the tests. This results in a similar HRR development in time between tests and model.
The car HRR was modelled as a triangular shape. The only info needed are the maximum HRR
(HRRmax ) and the time needed to reach it (tHRRmax ). Many tests data were available, so an aver-
age of all the quantities was taken. An example of a car HRR is shown in Fig.4.3b. On the other
hand, the HGVs were modelled as a trapezoid. In addition to the knowledge of HRRmax ,tHRRmax ,
further assumptions were needed. After reaching the maximum HRR and remaining constant for a
given period of time, the HRR descending branch was assumed 3 times less steep compared to the
ascending branch. An example of the trapezoidal HGV HRR is shown in Fig.4.3a.

1an exception has been made for the HGV-High Q. No data were available without ventilation for this type of vehicle.
So, it was chosen to use the one with ventilation and adjust it based on considerations found in literature [25] over the
influence of ventilation on the HRR.
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(a) HGV-High Q content (b) HGV-Low Q content

(c) Car

Figure 4.2
Vehicle HRR data-Tunnel Full-scale Test. Retrieved from [25]

(a) HGV HRR model (b) Car HRR model

(c) Overview modelled HRR

Figure 4.3
HRR modelling
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(a) Slow fire model (b) Fast fire model

Figure 4.4
QRA proposed HRR model. Retrieved from [46]

In Fig.4.3c, the modelled HRR of all the vehicles are compared within each other. It is already
visible that the car heat release rate is negligible in comparison with the heat that an HGV can re-
lease.

In order to check the modelled data, comparison between the modelled HRR (full scale tests
based) and values contained in the theory document of the QRA software [46] is carried out. The
QRA-tunnels (Quantitative Risk Analysis) is a software used in The Netherlands for the the risk as-
sessment during the design of tunnels. In the QRA, the following maximum HRR for vehicle fires are
proposed:

• single car fire: 5 MW;

• 2 cars accident fire: 10 MW;

• bus or truck with no inflammable goods: 25 MW.

In the software, indication of the HRR development for slow and fast fires are also available. The
fast fire development is based on an Heptane liquid pool fire simulation carried out with a CFD soft-
ware. It was chosen to take into account the great variety of cases showing a fast fire development.
The two different fire development are shown in Fig.4.4.

Both the maximum HRR and the HRR development graphs, comparing the QRA and the one
that have been proposed, are similar to each other and suggest similar development in time.

4.1.2. DIMENSIONS

The dimensions of the vehicles were standardized. For the cars, it was chosen to average the dimen-
sions of a common commercial car and a van (Fig.4.5a). For the HGVs the dimensional limits given
in the European directive [41] were considered. An average between the modular configurations2

allowed was used (Fig.4.5b).

4.1.3. TEMPERATURE DEVELOPMENT

The temperature development in a tunnel and more in particular the maximum ceiling temperature
has been extensively researched. Among the different theories and approaches, the most widely
used are:

1. Heselden work [20]: based on experimental and theoretical work, it estimates a range of quan-
tities among which there is the maximum ceiling temperature. The model is mainly related to
the smoke production and movement. The following hypothesis apply:

2in general an HGV can be composed by a couple of short modules(swap bodies) or a long module (semi-trailer)
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(a) Car (b) HGV

Figure 4.5
Standardized vehicle dimensions

• horizontal tunnel;

• fire away from the tunnel entrances;

• HRR in the range 3-20 MW;

• 25% radiation loss;

• no longitudinal ventilation.

2. Li et al. work [32]: based on empirical equations compared to model-scale experimental tests,
it estimates the maximum ceiling temperature. It takes into consideration HRR, ventilation
velocity and tunnel geometry. It is valid only in the case of a flame length lower than the
tunnel height.

Heselden: a visualization of the model used by Heselden to calculate the maximum ceiling tem-
perature is schematically represented in Fig.4.6. The parameters involved in the tunnel fire are re-
lated to each other according to the following formulas:

vcr = 0.8 ·
( g HRRTr 0

%acaT 2
a W

)1/3
(4.1)

MD = 0.05 ·P · (H −dI )3/2 ·%a ·pg (4.2)

dI = MD

%s vcr W
(4.3)

Tr 0 = Ta + (1−%r ad ) · HRR

MDca
(4.4)

with:

• vcr : Critical velocity (ms−1), defined as the ventilation velocity necessary to avoid any back-
layering;

• HRR: Heat Release Rate (kW);

• Tr 0: Maximum Smoke temperature which in this case occurs above the fire location (K);

• dI : Smoke layer thickness close to fire location (m);

• MD : Smoke production rate (kgs−1).
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Figure 4.6
Vehicle maximum temperature model. Retrieved from [6]

The set of equations highlighted above has been slightly modified, in agreement with the modi-
fications carried out in the TNO report [58]. The following aspects have been included:

• the smoke layer thickness at one side of the fire location (dI ), in the case of absence of ven-
tilation, is caused by the release of half of the available heat. The other half spreads on the
opposite direction. This is the reason why the Heat Release Rate (HRR) is assumed equal to
half of the HRR∗ released by the vehicle on fire;

HRR = HRR∗

2

• the approach used by Heselden, uses the value of the smoke density (%s) as an input param-
eter. The assumption of a given value of the smoke density is really hard to do due to the fact
that the density is temperature dependent [10]. The temperature is a value given as an out-
put. It was chosen to relate the smoke density to a temperature proportional air density (%a)
at ambient temperature (Ta).

1

%s
= Tr 0

Ta ·%a

For a higher smoke temperature, the smoke density reduces. The same approach has been
followed in [58]. Eq.4.3 modifies in the following way:

dI = Tr 0MD

Ta%a vcr W
(4.5)

• The tunnel height (H) has been substituted with the effective height (He f f ) which is the space
between the fire source and the ceiling. For a vehicle fire it has been assumed as the distance
between the ceiling and half of the vehicle height. Eq.4.2 modifies in the following way:

MD = 0.05 ·P · (He f f −dI )3/2 ·%a ·pg (4.6)

In order to check the validity of the above proposed set of equations and better understand the
relations existing between the different quantities, a parametric study has been conducted:

• in Fig.4.7 the relation between the critical velocity (vcr ) and the HRR is shown. These quan-
tities are related to each other in eq.4.1. An increased HRR has as a consequence a higher
smoke production. This need to be counterbalanced by an higher critical velocity in order to
avoid backlayering;
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Figure 4.7
vcr vs HRR

Figure 4.8
vcr vs Tr 0
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Figure 4.9
MD vs dI

• in Fig.4.8 the relation between the critical velocity (vcr ) and the smoke temperature (Tr 0) is
shown. These quantities are related to each other in eq.4.1. A higher smoke temperature
develops when a big quantity of smoke is produced. This, as highlighted at the previous point,
has as a consequence a higher critical velocity needed;

• in Fig.4.9 the relation between the smoke production rate (MD) and the smoke layer thickness
close to the fire location (dI ) is shown. These quantities are related to each other in eq.4.6.
For a greater smoke layer thickness less oxygen can reach the fire location and this cause the
combustion to produce less combustion products;

• in Fig.4.10 the relation between the smoke layer thickness close to the fire location (dI ) and
the smoke production rate (MD) is shown. These quantities are related to each other in eq.4.5.
For a higher smoke production rate, the smoke layer becomes thicker;

• in Fig.4.11 the relation between the smoke layer thickness close to the fire location (dI ) and
the critical velocity (vcr ) is shown. These quantities are related to each other in eq.4.5. For a
higher critical velocity more smoke is transported away from the fire location and the smoke
layer thickness is smaller;

• in Fig.4.12 the relation between smoke production rate (MD) and the smoke temperature (Tr 0)
is shown. These quantities are related to each other in eq.4.4. For a higher smoke production
rate the smoke layer becomes thicker. This results in the heat been spread over a larger area
and the local maximum smoke temperature been lower.

Li et al.: proposes a maximum ceiling temperature model dependent on a dimensionless ventila-
tion velocity (u′).

u′ = u( g HRR
r%a ca Ta

)1/3

For low values of the ventilation velocity, the fire plume is not deflected by the ventilation and
the smoke production rate (MD) is not affected. That’s not the case for higher velocity where the air
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Figure 4.10
dI vs MD

Figure 4.11
dI vs vcr
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Figure 4.12
MD vs Tr 0

entrainment ratio increases causing an increase in the smoke production. The maximum tempera-
ture (Tr 0) can be calculated as:

Tr 0 =


HRR

vr 1/3H 5/3
e f f

u′ > 0.19

17.5
HRR2/3

H 5/3
e f f

u′ ≤ 0.19
(4.7)

4.2. POOL FIRES
In the case of a pool fire the model proposed by Heselden [20] could not be used, mainly for two
reasons:

1. the pool fires under consideration resulted in HRR larger than the maximum allowed by Hes-
elden model (20−30MW );

2. the assumed radiation loss of 25% would not be valid for fires with such a high HRR.

It was chosen to follow a different approach and based on the combustion process of a given
pool fire of fixed diameter, the HRR and subsequently the maximum ceiling temperature were de-
rived.

4.2.1. FIRE DEVELOPMENT

The model used to determine the characteristics of pool fires in tunnels is semi-empirical and devel-
oped by Mégret et al. [37]. It considers the pool fire dynamics and extrapolate the values of the HRR
and maximum smoke temperature. A scheme of the model is shown in Fig.4.13a and in Fig.4.13b
an example of the predicted HRR based on an n-Heptane fire for different diameters of the pool is
shown.

n-Heptane is considered a good candidate to simulate a generic pool fire according to Mégret
et al. [37]. In order to calculate the HRR and maximum temperature of a fire of given diameter, the
following procedure is followed:
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(a) Pool fire burning process schematization. Retrieved
from [37]

(b) Pool fire HRR

Figure 4.13
Pool fire development

1. the convective part of the HRR is calculated (HRR∗ [MW]). The convective part is the one
considered as contributing to the temperature development of the fire:

HRR∗ = (1−%r ad )ṁ f S∆Hc

with:

• S: Pool area (m2);

• ∆Hc : n-Heptane net calorific value (44,9×106 Jkg−1);

• the burning rate (ṁ f [kg/m2/s]) of an n-Heptane pool fire is:

ṁ f = 0.0784(1−e−0.8D ) (4.8)

2. the smoke flow rate (qs [m3/s]):

qs = [13.8+1.2n]Sṁ f
Ts

Ta

3. the smoke layer temperature (Tr 0). It is found through the sum of the released heat accumu-
lated in the combustion products and requires the solution of a secondary order equation:

(30.7+2n)10−3T 2
s + (407+32.7n)Ts − (8.77 ·105 +9.9 ·103n) = 0

where

• 
%r ad = 0.3 D < 1m

%r ad = 0.3− 0.1(D −1)

9
1 ≤ D ≤ 10m

%r ad = 0.2 D > 10m

• the air entrainment ratio (n [mol(air)/mol(fuel)]), with a validity till a 15 meter diameter pool
equal to:

11(2.13(z/R)0.53 −1) z/R > 0.5

and the effective height (z [m])

z = H + (h f r ee −H)

2
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Figure 4.14
Runehamar pool fire test

The model proposed above addresses the maximum values of HRR and ceiling temperature,
nonetheless there are no info related to the early development of the fire. Pool fires can be related
to the hydrocarbon fire curve. This is considered the most appropriate curve to describe the fire
caused by hydrocarbon fuels. In EN1363-2 [49] the hydrocarbon curve was firstly introduced, but
no relation describing the early development depending on the characteristics of the fire and geo-
metrical configuration is present.

One of the few pool fire analysed in detail after a full-scale test is the one of the Runehamar
tunnel fire test [26]. In Fig.4.14 the HRR is shown. This was estimated based on measurements of
downstream gas concentrations. The test was conducted with a 200 L Diesel pool of 2,27m diameter.
The HRR takes approximately 3,75min to reach its maximum value, which is 6MW.

This result has been compared to the HRR prediction of the model of Mégret et al. [37] using the
same inputs. The model predicts an HRR of 8,52MW. Considering that the model assumes a perfect
combustion process, which is not the case in a real situation, this is considered a good estimate.

The results predicted by Mégret et al. model [37] was compared with the indications given in the
QRA [46]. In the QRA the worst scenario considered is a 200MW fire caused by the fire spread drom a
tanker truck. Other scenarios are possible, but this is the maximum HRR that has been fixed. Based
on the model described above the 200MW can be achieved by a pool fire of approximately 10m
diameter.

4.2.2. POOL DIMENSIONS

The pool dimensions depend on a great number of variables, such as tank leakage hole dimensions,
tunnel geometry, accident location and time of ignition. In this subsection a calculation procedure
is proposed in order to calculate an equivalent pool diameter for a given scenario.

Two different cases in relation with the paving inclination has been considered:

1. Flat case: longitudinal inclination (il = 0%)-transversal inclination (it = 2,5%);
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(a) Flat case (b) Inclined case

Figure 4.15
Worst spillage location scenarios

2. Inclined case: longitudinal inclination (il = 4%)-transversal inclination (it = 2,5%).

In relation with the out-flowed quantities and flow which form the pool, reference is made to
the work carried out by TNO in [60]. In Table 4.1, the scenarios considered are shown.

The worst position for a fuel spillage is on the highest point along the tunnel width. In this
case, the fuel has to flow towards the opposite side of the tunnel width before reaching the tunnel
drainage system. Representation of the flow and reference for the following calculations is given in
Fig.4.15, representing the worst scenarios for the spillage location in the inclined and flat case.

Following the calculation procedure suggested in [46], the length along which the flow travels
(L) is calculated as follow:

L =
√

L2
l +L2

t ←→ Lt =W and Ll = Lt ·
√

il

it

For the width of the out-flowed fuel (B), reference is made to the experimental work carried out
by Ingason in [24], which found:

B = 2.4 ·V 0.46

with:

• V : flow in [Ls−1];

• B : out-flowed fuel width in [m].

The information available are sufficient to calculate the pool area and an equivalent pool diam-
eter:

A = B ·L ←→ D =
√

4 · A

π

with:

• A: pool area [m2];

• D : pool equivalent diameter [m].
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Table 4.1
Pool formation scenarios

Scenario Out-flowed quantity [m3] Hole size [m2] Flow [l/s]

#1 "Leakage" 0.5 1.1 ·10−4 0.3
#2 "Hole" 5 1.1 ·10−2 30
#3 "Small drop" 20 0.05 100
#4 "Big drop" 20 0.15 220

In the QRA [46] a calculation procedure to estimate the development of the pool dimensions in
time is proposed.

Firstly, the thickness of the pool (Hp ) is calculated with the formula of Webber taken from [53]:

Hp =
(6 ·υl ·qs

%l ·π · g

)0.25

with:

• Hp : pool thickness [m];

• υl : out-flowed liquid [kgs−1];

• %l : liquid density [kg/m3];

• g : gravitational acceleration [m/s2].

Secondly, the flow speed (vp ) is calculated with the formula of Chézy taken from [53]:

vp =C ·R0.5 · I 0.5

with:

• vp : flow speed [ms−1];

• C : Chézy coefficient (C = 18 · log 12R
k )3;

• R: hydraulic diameter [m]4;

• I : slope5.

In order to calculate the time needed for the pool to form:

t = vp

L

3k[mm] represents the pavement roughness. It is taken equal to 0,002m;
4It can be taken equal to the pool thickness;
5In the flat case is equal to the transversal slope. In the inclined case an average between the longitudinal and transversal

slope is assumed.
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Figure 4.16
Horizontal flame length. Retrieved from [6].

4.3. HORIZONTAL FLAME LENGTH
Heselden and Mégret et al. models do not incorporate the effect of horizontal flames caused by big
fires. In case the fire generates flames longer than the effective height (He f f ), the flame must bend
and develop along the the ceiling. Ventilation has also an influence on the flame behaviour causing
a different air mixing process compared to the case of a fire without ventilation.

In order to take into account the effect of the ceiling on the flame behaviour, reference has been
made to [6, ch. 13]. In case a fire cause the flame to develop horizontally along the ceiling, the
horizontal flame length (hhor ) can be related to the ’cut-off’ flame length (hcut ). The latter is equal
to the difference between the flame height in open space (h f r ee ) and the effective tunnel height.
Once the ’cut-off’ flame height is known, the horizontal flame length can be taken equal to 1.5 times
larger [6]. The flame height in open space can be calculated as [50]:

h f r ee =−1.02D +0.0148 ·HRR2/5

with:

• D : Equivalent fire diameter (m);

• HRR in (W).

A representation of the phenomenon described above is shown in Fig.4.16.
In [6, ch. 13] a formula to calculate the flame length taking into account HRR and longitudinal

velocity is proposed. The formula, on the other hand, do not include the effect of tunnel width and
height and is based upon the observations of full-scale tunnel fire tests. The following formula is
proposed:

hhor = 20 · ( HRR

120

)( u

10

)−0.4

with:

• HRR in (MW).

4.4. TEMPERATURE DECAY IN THE TUNNEL
In order to estimate the temperature decay along the tunnel reference was found in literature in
the studies carried out by TNO [58] and subsequently improved by the SAVE committee [48]. The
relation describing the temperature decay has been formulated in terms of a differential equation:A∗ dTr (x, t )

d x
+αtot · (Tr (x, t )−Ta) = 0

Tr (0, t ) = Tr 0(0, t )
←→ A∗ = HRR(0, t )/2

W · (Tr 0 −Ta)

with:
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Table 4.2
Convective heat transfer coefficients

Type of convection αc [W/m2/K]

Natural Convection 1-20
Forced Convection 40-250
Heated Water Vapour 25-100

• A∗: Original heat content of the smoke stream [Wm−1 K−1];

• Tr (x, t ): Smoke temperature at location x and time t [K];

• αtot : lumped heat transfer coefficient (convection+radiation) [W/m2/K];

• x: distance from the fire origin along the tunnel [m];

The solution of the differential equation, giving an estimate of the smoke temperature along the
tunnel, is the following:

Tr (x, t ) = (Tr 0(0,τ)−Ta) ·e
−
(αtot · (Tr 0(0,τ)−Ta) · x

(HRR(0,τ)/2/W

)
+Ta (4.9)

In eq.4.9 a modification proposed by Ingason in [6] has been implemented. This consists in
taking the smoke temperature at the fire location at a time τ.

Tr 0(0,τ) ←→ τ= t − x

u

The time needed for the heat to move from the fire location to the location of interest is in this way
included. The effect can become important for great fires at far distances from the fire location.

The value of the lumped heat transfer coefficient (αtot ) is somewhat debatable. The SAVE com-
mittee [48] suggests values in the range of 28− 30W /m2K . In the book of Bonacina et al. [7] the
values shown in table 4.2 for the convective heat transfer coefficient are given. In the Eurocode [50]
a broad indication is given to take double the value of the convective heat transfer coefficient. As
it can be noticed, a lot of discussion and uncertainty is present over an appropriate choice for the
lumped heat transfer coefficient value.

In order to still obtain a reasonable value, reference is made to the work conducted by Liu et
al.[33]. In this work a theoretical analysis was conducted resulting in a similar formula compared to
one of eq.4.9. Successively it was calibrated based on CFD numerical analysis with complementary
1/10 scaled tunnel experiment tests. The study took into account the influence of the cross section
through the introduction of a cross sectional coefficient (ζ).

ζ= A

H 2

A comparison between the temperature decay expressions of the two models was conducted
and keeping the lumped coefficient as the only unknown, a value of around 300W /m2K was found.
Ventilation is usually active in a tunnel. The case can be described as a forced convection situation
and looking at the values for the convective coefficient proposed in literature(Table 4.2) the found
value is considered as a reasonable one.

The results presented further on in relation with the temperature decay are related to the work
of Liu et al.[33], due to the fact that in addition to what is shown in eq.4.9 it incorporates the effect
of the cross section.
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(a) Tunnel smoke layer instability schematization. Retrieved from [27].

(b) Froude number (c) Tunnel cross section schematization

Figure 4.17
Smoke layer instability considerations

4.5. SMOKE LAYER INSTABILITY ALONG THE TUNNEL
A theoretical model was proposed by Newman [40] in order to describe the smoke layer instability
in tunnels. This was never tested in full-scale tests, but it is anyway investigated in order to have a
better understanding and insight of what might happen in terms of smoke instability. At the same
time the possible lack of oxygen at the fire location can be studied.

Instability can be schematized as shown in Fig.4.17a. Close to the fire location, where the tem-
peratures are higher, the smoke layer stays stratified at the top part of the tunnel. While cooling
down, along the length of the tunnel, the smoke layer tends to mix with the cold air blowing from
the opposite direction (which is supplying oxygen at the fire location) and under certain conditions
it might become unstable and spread over the entire cross section of the tunnel.

The instability phenomenon, according to Newman [40], can be linked to the Froude number
which is related to the tunnel cross sectional average temperature as shown in the equation below:

F r =
u2

av g

1.5 · (∆Tav g /Tav g )g H

with:

• average gas temperature over the entire tunnel cross-section (Tav g );

• average gas temperature rise (∆Tav g = Tav g −Ta);

•

uav g = u · Tav g

Ta

The smoke layer temperature along the tunnel is known. It is assumed that the temperature
of the air below the smoke layer is equal to the ambient temperature. Assuming a constant smoke
layer thickness equal to the one calculated close to the fire location (dl ), it is possible to calculate the
average temperature over the cross section. In agreement with Fig.4.17c, the average temperature
over the cross section is equal to:
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(a) Spontaneous ignition (b) Piloted ignition

Figure 4.18
Fire spread mechanism representation

Tav g = %ar ea1 ·Ts +%ar ea2 ·Ta

The assumption of a constant smoke layer thickness along the tunnel is not fully correct, but is
conservative and necessary to carry out some preliminary calculations. In reality, the thickness of
the smoke layer tends to increase further away from the fire causing the average temperature value
to increase. For a higher average temperature the smoke layer keeps stable for a longer distance
from the fire.

In Fig.4.17b, the Froude number as function of the temperature for a given tunnel cross section
is shown. For Froude numbers larger than a value of 10 a clear stratification is present. For Froude
values lower than 0.9 there is instability. In between the two extremes there is an intermediate situa-
tion. It is possible to see that further from the fire the average temperature over the cross section will
decrease to such a value to cause the smoke layer to become unstable and spread over the whole
tunnel cross section.

4.6. FIRE SPREAD AND INCREASED AMBIENT TEMPERATURE

Possible causes of fire spread have been explained in subsection 3.3.1. The most common cause
of fire spreading is the remote ignition [6]. This can occur due to spontaneous ignition or piloted
ignition, both caused either by convective or radiative heat fluxes. The piloted ignition represents
a remote ignition of an already pre-heated material. In literature these mechanisms are commonly
related to the minimum smoke layer temperature (Tr ) above the object causing its ignition. Accord-
ing to [6], for a spontaneous ignition the exposure to convective heat fluxes is governing. A critical
smoke layer temperature of 500◦C is considered. For the piloted ignition the radiative heat fluxes
are governing with a critical smoke temperature of 300◦Cto410◦C. In [27] critical smoke layer tem-
peratures for specific materials are suggested on the base of the study of full-scale tests results. For
wood elements a critical smoke temperature of 700◦C is suggested if the object is at the floor level
and 600◦C if it is located at mid tunnel height. For plastic materials located at the floor level a critical
temperature of 490◦C is indicated.

Taking into consideration the information given above and referring to Fig.4.18 it is suggested
to consider the piloted ignition as a cause of fire spread when part of a vehicle is touched by the
smoke layer. In the case of a vehicle of reduced height, entirely located out of the smoke layer, the
spontaneous ignition case is considered more representative.
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The following critical smoke layer temperatures are considered6:

• Piloted ignition:Tr ≈ 355◦C;

• Spontaneous ignition:Tr ≈ 500◦C;

In subsection 4.7 a temperature distribution model in the tunnel during a fire has been pro-
posed. Making use of this model, for every moment in time, it is possible to estimate what is the
minimum distance which cause a vehicle to ignite. Eventually it is possible to estimate the mini-
mum distance needed for a vehicle to avoid ignition during an occurring fire.

The ambient temperature at the fire location of a vehicle igniting due to the fire spread from
another location can also be estimated. In order to conduct this calculation, the following info need
to be retrieved:

• the time at which the vehicle ignite. This occurs when the smoke critical temperature is
reached in proximity of the part of the vehicle closer to the fire;

• the vehicle length;

• the temperature distribution in the tunnel at the time of ignition.

In analogy with what has been done in section 4.5, the average gas temperature over the entire
tunnel cross-section can be calculated in the portion of the tunnel occupied by the vehicle. Taking
the average of this quantity along the length of the vehicle an estimate of the ambient temperature
at which the vehicle ignites can be found.

4.7. TEMPERATURE HEAT MAPS
Based on the considerations explained above, it is possible to represent a smoke layer temperature
heat map in the tunnel. In order to obtain the heat maps, the following information are required
and assumptions have been made:

• for all the type of fires considered (HGV fire, car fire, pool fire), the HRR profile, maximum
HRR and time till the maximum HRR need to be known. Those can be found in subsection
4.1.1;

• the vehicles and pool fire dimensions can be modelled according to subsection 4.1.2, 4.2.2. In
the case of pool fires, the fire location can be assumed at the level of the ground floor. The
vehicle fire location can be assumed assumed at half height of the vehicle considered. From
the fire location a coordinate (x) can be defined, developing outwards from the fire along the
tunnel length. The chosen direction is not relevant. The ventilation is not considered in the
model and thus, the smoke layer develops symmetrically;

• the maximum ceiling temperature, related to the maximum HRR, can be calculated according
to the Heselden work (subsection 4.1.3) for vehicle fires and Mégret et al. (subsection 4.2.1)
for pool fires;

• at the fire location (x = 0), the temperature profile in time can be assumed proportional to the
HRR profile taking as maximum temperature the one calculated in the previous point;

• the temperature at a given location in the tunnel can be assumed constant along the tunnel
width, while the temperature decay along the tunnel can be modelled according to subsection
4.4;

6the piloted ignition critical temperature is taken equal to the average between the extreme values proposed in [6]
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Figure 4.19
Concrete thermal conductivity. Retrieved from [52].

• the results can be plotted in a temperature heat map with time on the axis of abscissae and
the distance from the fire location on the axis of ordinates;

• for big fires, the flame develops horizontally along the ceiling. It can be assumed that, in the
case of horizontal flames, the maximum temperature keeps constant along the entire ceil-
ing length touched by the flame. The calculation of the horizontal flame length is shown in
subsection 4.3. From the tip of the flame, the temperature decay can be modelled.

4.8. LINING TEMPERATURE PROFILE
The heat flux through a concrete tunnel element can be modelled by Fourier’s law, which is repre-
sented with a differential equation. For the case under examination, the one dimensional version
of the differential equation is sufficient and can be written as [8]:

δ(%c cc T )

δt
− δ2(λc T )

δ2x
= 0 (4.10)

The concrete density and specific heat capacity are assumed constants with temperature. The
density is taken equal to 2400kg/m3 according to [52] and the specific heat equal to 800Jkg−1 K−1[52].
The concrete thermal conductivity can be taken equal to 1,5Wm−1 K−1[52].

Considering the above mentioned constant quantities, eq.4.10 can be rewritten as:

%c cc · δT

δt
−λc · δ

2T

δ2x
= 0 (4.11)

In the following thesis the possibility of modelling a temperature dependent concrete thermal
conductivity (λc (T )) has also been investigated. Reference has been made to Eurocode 2, part 1-2
[52] and an average between the proposed upper and lower limit has been taken. The temperature
dependent thermal conductivity is shown in Fig.4.19. In this case eq.4.10 is rewritten as:

%c cc · δT

δt
−

(δλc

δx
· δT

δx
+λc · δ

2T

δ2x

)
= 0 (4.12)

The analytical solution of the differential equation can be found imposing one initial condition
and two boundary conditions. In case of fire, the initial condition is represented by an ambient tem-
perature applied to the element. Three different types of boundary conditions are usually applied:

1. the smoke temperature is applied directly at the edge of the element;
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(a) Convection (b) Convection and Radiation

Figure 4.20
Heat transfer B.C.

2. the convective boundary condition is applied, imposing a heat transfer from the smoke to
the element surface through convection. A sketch representing the equilibrium used to write
down the B.C. is shown in Fig.4.20a. The B.C. can be written as such:

−λc
δT

δx︸ ︷︷ ︸
cond

=αc (Ts −T )︸ ︷︷ ︸
conv

(4.13)

3. the convective and radiative boundary condition is applied, imposing a heat transfer from
the smoke to the element surface through convection and radiation. A sketch representing
the equilibrium used to write down the B.C. is shown in Fig.4.20b. The B.C. can be written as
such:

−λc
δT

δx︸ ︷︷ ︸
cond

=αc (Tr −T )︸ ︷︷ ︸
conv

+αr (T 4
r −T 4)︸ ︷︷ ︸

r ad

(4.14)

with:

αr = Fs−c ·σn

where:

• the smoke-concrete view factor (Fs−c ) being assumed as equal to one;

• σn = 5,67×10−8 W/m2/K4.

The radiation from the concrete surface to the smoke is neglected.

4.8.1. NUMERICAL SOLUTION

The system of differential equations and B.C. is approximated numerically using the Finite Differ-
ence Method. In such a way the solution of the system is possible through its implementation in a
commercial software such as Excel.

Considering an increasing coordinate system going from left to right, with the smoke acting on
the left side and on its right the concrete element, the following approximations can be done:
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• the D.E. of eq.4.11 can be rewritten as such:

%c cc ·
T t+1

i −T t
i

∆t
−λc ·

T t
i+1 −2T t

i +T t
i−1

∆x2 = 0

with a numerical stability condition:

λc

%c cc
· ∆t

∆x2 < 0.5

• the D.E. of eq.4.12 can be rewritten as such:

%c cc ·
T t+1

i −T t
i

∆t
−

(λt
i+1 −λt

i−1

2∆x
· T t

i+1 −T t
i−1

2∆x
+λ · T t

i+1 −2T t
i +T t

i−1

∆x2

)
= 0

• the B.C. of eq.4.13 can be rewritten as such:

−λc
T t

i+1 −T t
i

∆x
=αc (T t

r −T t
i )

• the B.C. of eq.4.14 can be rewritten as such:

−λc
T t

i+1 −T t
i

∆x
=αc (T t

r −T t
i )+αr (T 4t

r −T 4t
i )

• the B.C. for the smoke temperature directly applied on the concrete surface:

Tr = Ti

4.8.2. VERSIONS

Three different temperature profiles have been considered. Each one taking into consideration dif-
ferent B.C. The different versions differs as follows:

• v1: Temperature development in time (Fire curve) directly applied at the surface;

• v2: introduction of the convective and radiative fluxes boundary conditions at the lining sur-
face exposed to the fire;

• v3: same as v2, but with the temperature dependent concrete thermal conductivity included
(λ(T )).

In Fig.4.21 the results obtained using the three different versions using the same assumptions
are shown. The following assumptions apply for the elaboration of the results:

• .....

The v3 version of the temperature profile is the one including more aspects and modelling the reality
in a more realistic way. Comparing the 3 versions, a great advantage can be achieved from the 3rd
version in terms of reduced temperature profiles in the concrete. It was then decided to only use the

v3 version. The analysis and results that will be shown further on in the thesis will be based on the v3
version.
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(a) Temperature profile along cross section at given time

(b) Temperature profile in time at given location

Figure 4.21
Cross section temperature gradients
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4.9. RESULTS
In this section the results of the different fire dynamics aspects exposed in this chapter are shown.
The scenarios that have been considered in the elaboration of the following results are mostly based
on a flat 2 lanes tunnel and the events considered are:

• car fire;

• HGV-Low Q fire;

• HGV-High Q fire;

• Pool fire of 10,3m diameter;

• Pool fire of 12,3m diameter.

The choice of the two pool fires considered is based upon the considerations made in subsection
4.9.2. Firstly a diameter equivalent to the tunnel width (10,3m) has been considered. Secondly, a
worst-case scenario with the maximum equivalent pool fire diameter in a flat two lane tunnel gener-
ated by a leakage from a hole (scenario #2) with ignition time fixed after 1min has been elaborated.

4.9.1. TEMPERATURE DEVELOPMENT

The vehicle temperature development of different vehicles has been investigated using the modified
"Heselden" approach exposed in subsection 4.1.3. In Fig.4.22 the maximum temperature develop-
ment of a car and both an HGV with low and high energy content have been compared. It can be
noted that the temperature development of a car is negligible when compared with HGVs. The fol-
lowing hypothesis were used:

• HRR from subsection 4.1.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel (W = 10,3m,H = 5,1m).

The effect of the tunnel cross section, in particular tunnel height and width, has been studied. In
Fig.4.23 the results of this study are shown. It can be noted that the cross section has a considerable
effect on the maximum temperature, in particular the height.

4.9.2. POOL DIMENSIONS

The maximum pool dimensions under different scenarios have been calculated according to the
procedure shown in subsection 4.2.2. In Table 4.3 the maximum diameter for different scenarios are
shown, where the scenarios causing the pool diameter to be lower than 15 m are highlighted in bold
characters. This is related to the limits set by the fire development model described in subsection
4.2.1 where only pool with a diameter lower than 15 m can be calculated. The following scenarios
variations have been investigated:

• w1: 1 lane tunnel (W=6.8 m);

• w2: 2 lane tunnel (W=10.3 m);

• w3: 3 lane tunnel (W=13.8 m);
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Figure 4.22
Vehicles maximum temperature

(a) Tunnel width variation

(b) Tunnel height variation

Figure 4.23
Maximum ceiling temperatures-Cross section variations
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Table 4.3
Equivalent pool diameter

w1 w2 w3 w4
flat inclined flat inclined flat inclined flat inclined

#1 [m] 3.5 4.4 4.3 5.4 4.9 6.3 5.5 7.0
#2 [m] 10.0 12.7 12.3 15.6 14.2 18.0 15.9 20.2
#3 [m] 13.1 16.7 16.2 20.5 18.7 23.8 21.0 26.6
#4 [m] 15.4 19.6 19.0 24.1 22.0 27.9 24.6 31.2

Table 4.4
Maximum pool diameter formation time

w1 w3 w3 w4
flat inclined flat inclined flat inclined flat inclined

#1 [m] 1.2 1.7 1.8 2.5 2.4 3.4 3.0 4.2
#2 [m] 0.5 0.7 0.7 1.0 0.9 1.3 1.2 1.7
#3 [m] 0.4 0.5 0.6 0.8 0.8 1.1 0.9 1.3
#4 [m] 0.3 0.5 0.5 0.7 0.7 0.9 0.8 1.2

• w4: 4 lane tunnel (W=17.3 m);

• #i: pool formation scenario (Table 4.1);

• inclined/flat: pavement inclination (Fig.4.15).

In Table 4.4 the results related to the time needed for the maximum pool dimension to form for
all the different scenarios are shown. In the QRA [46] the time between the beginning of fuel spillage
and ignition is assumed equal to 1 min. In agreement with this indication, the values highlighted
in bold in Table 4.4 are the one related to the scenarios for which the maximum pool diameter can
form within one minute from the start of the spillage. This means that those scenarios either cannot
occur due to the long time necessary for the pool to form or cannot be analysed based on limitations
of the analytical model proposed.

In Table 4.5 all the scenarios which do not meet the limits of the maximum diameter of 15 m or
the maximum pool diameter formation time below the ignition time of 1 min are crossed out.

4.9.3. FIRE DEVELOPMENT

The fire development of pool fires of different diameters have been calculated using the analytical
model of subsection 4.2.1. In Fig.4.24 the maximum theoretical temperature and Heat Release Rate

Table 4.5
Scenarios not fulfilling model dimension or time limits

w1 w3 w3 w4
flat inclined flat inclined flat inclined flat inclined

#1 [m]
#2 [m] x
#3 [m] x x x x x
#4 [m] x x x x x x x
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Table 4.6
Horizontal flame length-Vehicle fire and pool fire

Fire Hor. Flame Length [m]

Car 0
HGV-Low Q 4
HGV-High Q 6.2
Pool (D=10.3 m) 26.1
Pool (D=12.3 m) 30.6

is shown. The following hypothesis were used:

• Ta = 20◦C;

• %a = 1,217kg/m3;

• H = 5,1m.

4.9.4. HORIZONTAL FLAME LENGTH

The horizontal flame length has been compared between vehicle fires and pool fires according to
the analytical model shown in subsection 4.3. In Table 4.6 the results are shown. It can be noted that
pool fires cause a significantly bigger flame length compared to vehicle ones. This is related to the
higher HRR that pool fires of 10.3 and 12.3 m diameter have. The following hypothesis were used:

• vehicles HRR from subsection 4.1.1;

• pool HRR from subsection 4.2.1;

• vehicles dimensions from subsection 4.1.2;

• H = 5,1m.

4.9.5. TEMPERATURE DECAY

The temperature decay of the smoke layer along the tunnel is shown in Fig.4.25 for different fire
scenarios. The following hypothesis were used:

• temperature profile corresponding to the moment in time when the highest maximum tem-
perature was calculated for the different vehicles;

• vehicles HRR from subsection 4.1.1;

• pool HRR from subsection 4.2.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel (W = 10,3m,H = 5,1m).
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(a) Maximum temperature

(b) Maximum HRR

Figure 4.24
Pool fire development
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Figure 4.25
Temperature decay-Different scenarios

A study taking into consideration the effect of different cross sections has been carried out and
the results are shown in Fig.4.26. The analytical model exposed in subsection 4.4 has been used to
elaborate this calculations. The following hypothesis were used:

• HGV-High Q HRR from subsection 4.1.1;

• temperature profile corresponding to the moment in time when the highest maximum tem-
perature;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel with either the height or width fixed (W = 10,3m,H = 5,1m).

4.9.6. SMOKE LAYER INSTABILITY

The smoke layer instability phenomenon has been studied making use of the analytical model ex-
posed in subsection 4.5. A study indicating the maximum tunnel length above which clear smoke
stratification is not present any more (l1) and length above which smoke layer instability is pre-
dicted (l2) has been conducted. The scenario considers a tunnel fire igniting at half tunnel length.
In Table 4.7 the tunnel lengths for different fire typologies are listed. The following hypothesis were
used:

• vehicles HRR from subsection 4.1.1;

• pool HRR from subsection 4.2.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• u = 0,5ms−1;
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(a) Width variation

(b) Height variation

Figure 4.26
Temperature decay-Cross section variation

Table 4.7
Smoke layer instability for different fire typologies

Vehicle l1 [m] l2 [m]

Car 69 105
HGV-Low Q 97 133
HGV-High Q 106 142
Pool (10.3 m) 151 186
Pool (12.3 m) 160 196
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Figure 4.27
Smoke layer instability for different scenarios

• two lanes tunnel (W = 10,3m,H = 5,1m).

In Fig.4.27 a radar chart showing the smoke instability behaviour for different scenarios involv-
ing an HGV-High Q fire is shown. The characteristics of the considered scenarios are:

• #1: H=5,1m, W=6,8m, v=0,5ms−1;

• #2: H=5,1m, W=6,8m, v=1,5ms−1;

• #3: H=5,1m, W=10,3m, v=0,5ms−1;

• #4: H=5,1m, W=10,3m, v=1,5ms−1;

• #5: H=5,1m, W=13,8m, v=0,5ms−1;

• #6: H=5,1m, W=13,8m, v=1,5ms−1;

• #7: H=6,1m, W=10,3m, v=0,5ms−1;

• #8: H=6,1m, W=10,3m, v=1,5ms−1.

In Fig.4.28 a parametric study over the smoke layer instability has been conducted. The follow-
ing hypothesis were used:

• HGV-High Q HRR from subsection 4.1.1;

• Ta = 20◦C;
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• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• the independent parameter of the different graphs fixed to: (u = 0,5ms−1,W = 10,3m,H =
5,1m).

4.9.7. FIRE SPREAD

The fire spread mechanism has been studied making use of the procedures explained in subsec-
tion 4.6. In Fig.4.29 the HGV High Q ignition time as a function of the distance from a fire already
occurring is shown. Various initial fire source have been considered and namely are: HGV-High Q,
pool(10.3m), pool(12.3m). The scenarios considered are:

• HGV-HGV: fire originating from a HGV with high energy content spreading to a second vehicle
with the same characteristics;

• pool(10.3)-HGV: fire originating from a pool fire of 10,3m diameter spreading to a second
vehicle being an HGV with high energy content;

• pool(12.3)-HGV: fire originating from a pool fire of 12,3m diameter spreading to a second
vehicle being an HGV with high energy content.

The following hypothesis were used:

• vehicles HRR from subsection 4.1.1;

• pool HRR from subsection 4.2.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel (W = 10,3m,H = 5,1m).

In the particular scenario HGV-HGV, the highest ambient temperature at the moment of ignition
of the second vehicle has been calculated according to what has been highlighted in subsection 4.6.
Based upon this starting temperature, the temperature development of the second vehicle has been
calculated using the modified version of "Heselden" model. In Fig.4.30 the comparison between the
HGV igniting at two different ambient temperatures is shown. For the vehicle igniting at an ambient
temperature of 20◦C, the following hypothesis were used:

• HGV-High Q HRR from subsection 4.1.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel (W = 10,3m,H = 5,1m).

For the vehicle igniting at an ambient temperature of 70◦C, the same hypothesis were applied
with the exception of the following:
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(a) Ventilation variation

(b) Tunnel height variation

(c) Tunnel width variation

Figure 4.28
Smoke layer instability parametric study
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Figure 4.29
Space-time graph representing the fire spread for different scenarios

• Ta = 70◦C;

• %a = 1,03kg/m3;

• ca = 1,012KJ/kg/K.

4.9.8. TEMPERATURE HEAT MAPS

Following the indications explained in subsection 4.7, the heat maps of a HGV with high energy
content fire in a two lanes tunnel is shown in Fig.4.31. The following hypothesis were used:

• HGV-High Q HRR from subsection 4.1.1;

• Ta = 20◦C;

• %a = 1,217kg/m3;

• ca = 1KJ/kg/K;

• two lanes tunnel (W = 10,3m,H = 5,1m).

4.9.9. LINING TEMPERATURE PROFILE

In this subsection the temperature gradients of concrete elements exposed to different worst-case
temperature curves caused by different scenarios are shown. The graphs exposed below are based
upon the numerical model explained in section 4.8 and consider concrete elements on the tunnel
ceiling exposed to the maximum temperature caused by each scenario. In Table 4.8 the average
temperature over a thickness of both 16 and 32 mm on the fire exposed side of the concrete element
is shown. Different scenarios were used and the listed values correspond to the average temperature
after 5min of fire exposure. The following hypothesis were used:

• temperature curve calculated with the vehicles HRR from subsection 4.1.1 according to the
modified "Heselden" approach exposed in subsection 4.1.3;
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Figure 4.30
Temperature development of HGV for different initial ambient temperatures

Figure 4.31
HGV high Q-Heat map
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Table 4.8
Average temperature after 5min exposure

20 mm 32 mm

Car 43◦C 37◦C
HGV Low 86◦C 70◦C
HGV High 145◦C 114◦C
Pool (10.3 m) 250◦C 193◦C
Pool (12.3 m) 285◦C 219◦C

• temperature curve calculated using the pool HRR from subsection 4.2.1, with the additional
assumptions of an initial linear growth of the HRR in the growth phase. Based on the results of
the pool fire full-scale test explained in subsection 4.2.1, the HRR was modelled as increasing
from a value of 0MPa at the ignition time till the maximum calculated HRR in 3,75min;

• Ta = 20◦C;

• two lanes tunnel (W = 10,3m,H = 5,1m).

In Fig.4.32a the temperature gradient after 5min exposure is shown. The development of the
temperature at a depth of 32mm is also shown in Fig.4.32b. The same hypothesis exposed above
applies.
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(a) Temperature gradient after 5min

(b) Temperature at 32mm depth

Figure 4.32
Temperature development
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4.10. CONCLUSIONS
Based on theory exposed and the results obtained in this chapter, with respect to the thesis objec-
tives, the following conclusions can be drawn:

1-DERIVE MOST PROBABLE FIRE SCENARIOS

• an analytical calculation procedure to predict the maximum ceiling temperature and temper-
ature along the tunnel in time for vehicle fires (cars, HGVs,. . . ) has been successfully found.
The results are in good agreement with the output of a CFD simulation carried out with anal-
ogous inputs. The simulation results are shown in Chap.5;

• an analytical calculation procedure capable of estimating the pool diameter, given the tunnel
characteristics, ignition time and tank leaking conditions, has been found in literature, re-
elaborated and proposed;

• the theoretical Heat Release Rate of a given pool fire can be calculated using an analytical
model found in literature and re proposed in this thesis;

• additional analytical calculation procedures have been found in literature and modified to
estimate the following parameters, when both the maximum ceiling temperature and tunnel
characteristics are known:

1. Horizontal flame length;

2. Smoke layer instability;

3. Fire spread.

• a vehicle igniting under the conditions of an already burning fire, causes a more severe sce-
nario compared to the ignition of the same vehicle at the ambient temperature. In Fig.4.30 an
example of the fire curve describing the maximum temperature for an HGV in both cases is
shown;

• both tunnel cross section and length have a great influence on the maximum temperature,
temperature distribution along the tunnel and smoke layer instability;

• in the unidimensional Fourier heat transfer model, boundary conditions including the con-
vective and radiative heat transfer have been included. Adding these heat fluxes in the model
show a reduction in the temperature gradient experienced by the concrete compared to the
case where they are neglected.
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The focus of this chapter is the simulation with a CFD software of a series of representative scenarios.
The software used to carry out the calculations is: Fire Dynamics Simulator (FDS). Two scenarios not
including ventilation have been investigated. These scenarios have also been analytically studied in
Chapter 4 and are here compared with the numerical results. Additionally two scenarios including

ventilation have been investigated.
In the first section the description of the inputs information used to carry out the simulations is

described in detail. Subsequently a section describing the output quantities that have been set and
some insight on the procedures followed to elaborate the results is given. The results are then

presented for the following simulations:

• HGV (no ventilation);

• Pool (no ventilation);

• Pool (u = 2,5ms−1);

• Pool (u = 3,5ms−1).

The simulations carried out in this thesis are then compared with a similar representative CFD
calculation that has been found in literature. Finally conclusions are drawn over the results

presented in this chapter.

5.1. INPUTS
The simulations of the considered scenarios involve vehicle and pool fires. The hypothesis that
have been used in the simulations are similar to the one used for the analytical calculations of the
scenarios in section 4.9. The following additional common inputs and hypothesis have been taken
into account:

• the Large Eddy simulation (LES) hydrodynamic model has been used. This model is less com-
putational demanding compared to the Reynolds-averaged Navier–Stokes equations (RANS)
model;

• a single step combustion model has been used and the HRR was directly applied on properly
defined surfaces. The HRR applied is the one coming from full-scale tests that has been used
for the analytical models showed in Chap.4;

67
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Figure 5.1
Cross section used in the FDS simulations

• the fuel has been defined as an n-Heptane (C7H16) with the following characteristics:

– soot yield = 0.1;

– CO yield = 0.1;

– Heat of combustion = 29903,9kJ/kg.

For the pool fire simulation this choice was done in order to compare the results directly with
the analytical calculation that have been carried out considering the same fuel. For the HGV
this choice is considered an appropriate one to model a vehicle containing different materials
based on common practice in the fire safety engineering industry;

• the cross section chosen is the one representing a unidirectional tunnel with two lanes and
shown in Fig.5.1. The length of the tunnel has been fixed upon smoke layer instability consid-
erations. In real scenarios the friction, caused by obstacles and the distance of the fire from
the portals, limits and reduce the oxygen supply to the fire location. Reference was made to
the maximum tunnel length for which there is a clear smoke stratification (section 4.5). This
length was considered a good choice to account for the effect of the friction but at the same
time account for the possibility of the fire the be reached by the oxygen. Considering the un-
certainties of this analytical model a reduced length of approximately 80m for the HGV fire
and 100m for the pool fire was fixed;

• the mesh was subdivided into three zones as shown in Fig.5.2. An inner part consisting of a
finer mesh was chosen close to the fire location. And two zones at the extremes of the tunnel
with a courser mesh were applied. For the HGV and pool fire simulations the length shown
in Table 5.1 have been used. The maximum dimension of the grid cell (δx) was fixed equal to
0,3m and this is the value assumed for the course mesh. In [17], an equation that can be used
for the grid sensitivity study is proposed. The equation is the following:

δx ≈ D∗

16
with D∗ =

( HRR

%acaTa
p

g

)2/5

with:

– HRR in [kW].

where D∗ is a characteristic fire diameter. The value obtained with this equation was used in
the finer mesh. For the HGV fire a grid cell size of 0,15m was applied while for the pool fire
the same value as the courser mesh has been used (0,3m).
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Table 5.1
Mesh dimensions

l1 l2 l3

HGV fire 24 m 27 m 78 m
Pool fire 12 m 45 m 102 m

Figure 5.2
Mesh subdivision

• the boundaries have been set open for the simulations that do not include ventilation. The
simulations including ventilation have an open boundary and a boundary supplying air with
a given velocity. To simulate real scenarios the ventilation is activated after 80s from the fire
ignition and the time needed to activate the fans at full regime is taken equal to additional
30s. A linear increase of the supplied air velocity has been modelled in this second interval.

The maximum ventilation value that could be used can be estimated calculating the value
of the critical velocity (vcr ). According to Ingason et al. [27], the non dimensional model
for the estimation of the critical velocity is the most appropriate to be used. This model fits
particularly well the full-scale tests data. The following equation can be used to calculate the
critical velocity:

Q∗= HRR

%acaTa
p

g H 5/2
v∗

c =
{

0.81 ·Q∗1/3, if Q∗ ≤ 0.15

0.43, if Q∗ > 0.15

vcr = v∗
c

√
g H

with:

– HRR in [kW].

• the overall configuration and representation of the applied fire surfaces applied in the simu-
lations is shown in Fig.5.3. In the HGV fire cases an obstacle above which the fire surface is
positioned has been used. The obstacle represents the vehicle and its height is equal to half
the vehicle height. This follows the assumption of the fire origin being located at half of the
height of the vehicle. The pool fire has been represented with a surface positioned on the floor
level,

5.2. OUTPUTS
The selection of the outputs has to be carried out prior to the simulation. This is necessary in order
to limit the amount of information to be stored considering the heavy computational demand of a
fire simulation. The following quantities have been selected:
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(a) HGV fire-Longitudinal section (b) HGV fire-Transversal section

(c) HGV fire-3D

(d) Pool fire-Transversal section (e) Pool fire-Longitudinal section

(f) Pool fire-3D

Figure 5.3
FDS simulations geometry overview
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(a) HGV-Longitudinal section (b) HGV-Transversal section

(c) Pool-Longitudinal section (d) Pool-Transversal section

(e) Pool (ventilation)-Longitudinal section (f) Pool (ventilation)-Transversal
section

Figure 5.4
Temperature outputs

• a three dimensional field representing the cell values of temperature, visibility and velocity
along the three main directions;

• a series of surfaces and punctual thermocouples measuring the temperature have been posi-
tioned in the model. In Fig.5.4 a representation of their positions is shown. The pool fire has
been modelled with and without ventilation. For the pool fire ventilated simulations addi-
tional thermocouples were added compared to the pool fire without ventilation. In Fig.5.4e,5.4f
their location is shown. These were necessary to measure the temperature downstream of the
fire location. In particular the use of ventilation deviates the flames and cause parts of the
tunnel downstream of the fire to experience the maximum temperatures;

• a series of mass fraction detectors have been positioned in the model. These detectors acquire
information regarding the fuel and oxygen mass fraction at a given location. This information
let us calculate the air entrainment ratio and compare it with the stoichiometric one. This
information is relevant for the understanding of the fire development in a fuel or ventilation
controlled manner. In Fig.5.5 the devices location for HGV and pool fire simulations is shown;

5.2.1. FUEL VS VENTILATION CONTROLLED FIRE

To better understand the fire dynamics there is the need to characterize a fire and in particular have
control over the combustion development. This development can be characterized by a ventilation
or fuel controlled situation as explained in Chap.3. This phenomenon can be studied at a local or
global scale.
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(a) HGV-Longitudinal section

(b) HGV-Transversal section (c) Pool-Longitudinal section

(d) Pool-Transversal section

Figure 5.5
Mass fractions outputs

According to Ingason [6] it is possible to calculate the optimal air entrainment ratio. This can
be compared with the effective air entrainment ratio present at a certain location. The effective ra-
tio gives an indication of the fire typology development. The air entrainment ratio represents the
balance between air and fuel. From the stoichiometric chemical equation describing the combus-
tion of a generic fuel (eq.5.1) it is possible to calculate the optimal air entrainment ratio as shown in
eq.5.2.

Ca HbOc +
(
a + b

4
− c

2

)
(O2 +3.76N2) → aCO2 + b

2
H2O +

(
a + b

4
− c

2

)
3.76N2 (5.1)

n = 137.8[a + (b/4)− (c/2)]

12a +b +16c
(5.2)

Using this information, a local indication of the conditions of the fire in the FDS model can be
estimated.

At a global scale the Air/Fuel equivalence ratio (Φ) can be used to understand the combustion
behaviour. This can be calculated as follows [6]:

Φ= 3000 · ṁa

HRR
→ ṁa = %auHe f f We f f

where:

• ṁa [kg/m2/s] is the mass flow rate of supplied air;

• u [ms−1] is the average velocity of the supplied air;
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• He f f [m] is the effective height over which the air is supplied. It is usually the height of the
tunnel reduced of the smoke layer thickness. The smoke layer thickness cause only outflow of
combustion products from the tunnel;

• We f f [m] is the effective width over which the air is supplied. It is usually the whole width of
the tunnel;

• HRR in [kW].

The Air/Fuel equivalence ratio can be used in the following way:

Φ≥ 1 Fire fuel controlled

Φ< 1 Fire ventilation controlled

The Air/Fuel equivalence ratio can be alternatively expressed as follows:

Φ= ṁa

nṁ f

which can be rearranged in the following way:

n = ṁa

Φṁ f
(5.3)

For ventilation controlled fires the HRR is directly proportional to the mass flow of supplied air
[6]. Assuming that the fuel mass rate loss is constant, the HRR can be taken proportional to the air
entrainment ratio. Using the effective air entrainment ratio an estimate of the effective HRR can be
calculated. In the specific case of a pool fire eq.4.8 can be used to estimate the fuel mass rate loss.

5.3. RESULTS
This chapter highlights results obtained simulating fire scenarios with the use of FDS. The theoreti-
cal background and hypothesis used have been shown previously in this chapter. All the simulations
are carried out considering a two lane tunnel and a combustible material being n-Heptane (C7H16).
The following scenarios have been analysed:

• HGV with high energy content fire without ventilation;

• pool fire (D=10.3 m) without ventilation;

• pool fire (D=10.3 m) with a ventilation of 2,5ms−1;

• pool fire (D=10.3 m) with a ventilation of 3,5ms−1.

5.3.1. HGV SIMULATION (NO VENTILATION)
In this subsection the results of the HGV simulation are highlighted. In Fig.5.6 the HRR produced
by the HGV fire is shown. It can be seen that the HRR output is the same as the one modelled and
imposed to the simulation. This is explained by the fact that in the simulation combustion process
there is enough oxygen. For the n-Heptane the optimal air entrainment ratio is:

n = 15.158

In Table 5.2 the air entrainment after 5 minutes from ignition is listed for the mass fraction out-
puts points. Most of the points receive enough oxygen for the optimal combustion to take place. In



5

74 5. FIRE DYNAMICS SIMULATOR

Figure 5.6
HRR-HGV High Q (no ventilation)

Fig.5.11 a visual representation of this points and their air entrainment values is shown. It can be
noted that only the inner points above the combustion surface do not reach the optimal level.

Fig.5.7 confirms the assumptions and predictions of the modified "Heselden" model. The smoke
stratifies on the top part of the tunnel while in the bottom part an inward air flow feeds the fire. This
two zone characterization is the base over the analytical calculations and finds confirmation in the
results obtained from this simulation. In particular, Fig.5.7a shows a representation of the smoke
development while Fig.5.7b represent the longitudinal air velocity vector field on a plane positioned
along the half tunnel width.

In Fig.5.8,5.9 a representation of the temperatures of the fluid in the tunnel after 5 minutes from
ignition is shown. At first sight, the flames development in the tunnel can clearly be noted. In
Fig.5.9b, the flames touching the ceiling at that particular time are clearly visible in the area marked
by the high temperature contour. Additionally, from Fig.5.8a,5.8b it can be noted that the smoke
layer on the top part of the tunnel cross section traps the majority of the heat. This phenomenon
results in an area characterized by high temperature on the top part of the tunnel and an area on
the bottom part which maintains similar temperature compared to the initial ambient one. Anyway,
the effect of radiation should not be forgotten. Heat from the fire source can still reach the tunnel
walls and in particular for the bottom part, the smoke layer is not acting as an intermediate barrier
layer. The structure does not need to be checked using reduced material properties caused by high
temperatures over its cross-section surface. Different fire loads, considered as both high smoke
temperatures and radiation, should be applied to different parts of the tunnel cross section.

In Fig.5.10 the maximum ceiling temperatures between the analytical model predictions and
the simulation results are compared. It can be seen that the analytical model gives extremely good
results, which have been confirmed by the FDS simulation. The simulation results shows an oscilla-
tory behaviour around the values calculated with the analytical model. This can be explained by the
flames, which cause the points where the temperature outputs have been positioned to experience
an oscillatory behaviour depending to the presence or not of the flame at that location at a certain
moment in time.
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(a) Smoke development

(b) Longitudinal air velocity

Figure 5.7
HGV High Q (no ventilation)-Smoke and air flow [5 min after ignition]

Table 5.2
Air entrainment ratio

1 2 3 4 5 6 7 8 9 10 11 12

0.5 >15 1.3 >15 >15 >15 2.5 >15 7.4 >15 >15 >15

13 14 15 16 17 18 19 20 21 22 23 24

10.3 >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 >15
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(a) Longitudinal plane at half width

(b) Transversal plane at half length

Figure 5.8
HGV High Q (no ventilation)-Fluid temperature [5 min after ignition]
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(a) Side wall

(b) Ceiling

Figure 5.9
HGV High Q (no ventilation)-Fluid temperature [5 min after ignition]
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Figure 5.10
HGV High Q (no ventilation)-Maximum temperature

Figure 5.11
HGV High Q (no ventilation)-Mass fraction outputs points visualization
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Figure 5.12
HRR-pool fire (no ventilation)

Figure 5.13
Pool fire (no ventilation)-Smoke development [2 min after ignition]

5.3.2. POOL SIMULATION (NO VENTILATION)

This subsection shows the results of a pool fire of 10.3 meters diameter in a tunnel without the use
of ventilation. This simulation is purely conducted for academic purposes, since in actual practice
the ventilation is most of the times used in case of fire. This is related to considerations involving
human safety in case of fire occurrence in a tunnel. It is in any case important to investigate the
effects caused by the fire in absence of the ventilation.

In Fig.5.12 the HRR of the pool fire is shown. It can immediately be seen that the HRR of the
simulation does not follow the imposed one. In particular, after approximately 3,5min the HRR
increase suddenly stops and after a short phase of constant development, enters a decaying phase
till reaching a lower constant value. This fact can be clearly explained by the lack of sufficient oxygen
feeding the fire. In Fig.5.13 it can be seen that already after 2 minute from the fire ignition, the
tunnel is engulfed with smoke which creates an obstacle for the input of fresh air from the portals.
In Fig.5.14 the longitudinal air flow at 2 minutes and 5 minute from ignition is shown. It can be seen
that while in the first 2 minutes the oxygen is able to reach the middle section of the tunnel, feeding
the combustion process along the entire length, this is not the case after 5 minute. The combustion
at this time step can take place only in a part of the tunnel due to the oxygen depletion before it
can reach the initial fire location. This explains and justify the HRR decrease as being caused by the
absence of a sufficient oxygen supply.

To further investigate and determine whether the oxygen depletion phenomena is the cause of
the results obtained with the simulation, two additional checks have been conducted:
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(a) 2 min after ignition

(b) 5 min after ignition

Figure 5.14
Pool fire (no ventilation)-Air flow
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1. the air entrainment ratio development in time has been checked;

2. the Air/Fuel equivalent ratio has been roughly calculated to understand the conditions of the
fire.

In Fig.5.16 the air entrainment ratio in time in some mass fraction output points is shown. It can
bee seen that after approximately 3,5min the air entrainment ratio of all the points falls below the
optimal value. This confirms the HRR behaviour in time. At a global level, the amount of air feeding
the fire has been estimated. Fig.5.15 shows the longitudinal air flow after 10 minutes from ignition
along a plane positioned at half width of the tunnel. Assuming that the same behaviour applies for
the points along the width of the tunnel (We f f = W = 10,2m), the following parameters have been
estimated:

• He f f = 3m;

• u = 1,02ms−1.

Following the procedure exposed earlier in subsection 5.2.1, the calculation below can be con-
ducted:

ṁa = 2 ·%auHe f f We f f = 2 · (1.2 ·1.02 ·3 ·10.2) = 74kgs−1

Φ= 3000 · ṁa

HRR
= 3000 · 74.9

235000
= 0.95

n = ṁa

Φṁ f
= 74.9

0.95 ·6.664
= 11.8

15.158 : 100% = 11.8 : x =⇒ x ≈ 78%

The calculation suggests that the HRR cannot develop fully and after 10 minutes only 78% of its
potential can be released. This reduction is not the one seen in the HRR output, but this is a rea-
sonable result considering the many assumptions that has been taken and the rough check that has
been conducted. This result highlights that the scenario under consideration is in a ventilation con-
trol situation and that the results of the FDS simulation are valid and can be justified. This should
raise awareness over the improper use of HRR and maximum temperature fire curves derived from
full-scale tests that are conducted under different conditions compared to the tunnel under consid-
eration.

In Fig.5.17,5.18 the fluid temperature profiles along the half width of the tunnel and on the ceil-
ing are shown for different moments in time. In the first 2 minutes, oxygen is available and the
combustion takes place along the entire length of the tunnel resulting in the highest temperatures
above the fire location. While time increases and oxygen supply reduces due to the engulfment of
the tunnel cross section by the smoke, the combustion can only take place at the sides of the initial
fire location. Oxygen is depleted before reaching the initial fire location, thus the points located in
its vicinity experience a decrease of the fluid temperature due to the interruption of the combustion
process.

In Fig.5.19 the temperature profiles at different locations are shown. Additionally the analytical
result and a worst-case temperature curve model (pool0) for this simulation are shown. The mod-
elled temperature curve follows the maximum values recorded for all the points located above the
pool fire.
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Figure 5.15
Pool fire (no ventilation)-Longitudinal air flow [10 min after ignition]

Figure 5.16
Pool fire (no ventilation)-Air entrainment ratio in time
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(a) 2 minute after ignition

(b) 5 minute after ignition

Figure 5.17
Pool fire (no ventilation)-Fluid temperature along tunnel half width
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(a) 2 minute after ignition (b) 5 minute after ignition

Figure 5.18
Pool fire (no ventilation)-Fluid temperature along the ceiling

Figure 5.19
Pool fire (no ventilation)-Maximum temperature
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5.3.3. POOL SIMULATION ( V=2.5 M/S)
In this subsection the analysis of the same pool fire discussed in the previous subsection has been
conducted with the only difference being the addition of ventilation to the scenario. A ventilation of
2,5ms−1 has been imposed at one of the portals. To simulate real conditions, a delay of 80s before
ventilation activation and additional 30s before full regime conditions was chosen. A graph repre-
senting the applied ventilation is shown in Fig.5.23b. The chosen maximum speed is slightly lower
compared to the critical velocity calculated for this specific case (vcr ). The calculations expressed
earlier in this chapter have been used to estimate a value of the critical velocity:

Q∗= HRR

%acaTa
p

g H 5/2
= 235000

1.217 ·1 ·293.15 ·p9.81 ·5.15/2
= 3.58 > 0.15

vcr = v∗
c

√
g H = 0.43 ·p9.81 ·5.1 = 3,04ms−1

In Fig.5.20 the HRR is shown. It can be seen that the imposed maximum HRR is not reached,
but a considerable increase compared to the case with no ventilation is recorded. The ventilation
supplies enough oxygen for the combustion to take place. An explanation for the HRR being slightly
lower compared to the imposed one can be seek considering the smoke development downstream
of the fire. Points located on the downstream side of the pool surface might not receive sufficient
oxygen for the combustion to take place following the stoichiometric combustion equation.

Fig.5.21 shows both the smoke behaviour and longitudinal air flow after 5 minutes from the
pool fire ignition. In contrast with the scenario without ventilation, the use of ventilation push both
the smoke and the air along the same direction. A small back-layering originating from the fire is
clearly visible in Fig.5.21a. The ventilation speed is strong enough to avoid the smoke propagation
upstream of the fire and the estimated value of approximately 3,04ms−1 finds confirmation in the
simulation results about its ability to prevent back-layering of the smoke.

In Fig.5.22 a representation of the temperature of the fluid in the tunnel after 5 minutes from
ignition is shown. The ventilation deviates the flames downstream of the fire and causes the highest
temperature to occur at a certain distance from the initial pool fire location.

In Fig.5.23 the maximum temperature together with the ventilation in time of points above and
downstream of the fire location are shown. The graph suggests two possible worst-case tempera-
ture curve, one being the temperature development above the fire location and the other for points
downstream of the original fire location in the vicinity of the flame tip. What is more, Fig.5.24 shows
the maximum temperature of the points located in these two positions. These have been modelled
considering the maximum recorded temperature. The two modelled worst-case temperature curves
represents the following situations:

1. points above fire location experiencing steep initial temperature gradients (pool2.5(#1));

2. points downstream of the fire experiencing constant temperature increase reaching the high-
est maximum temperature recorded in the tunnel (pool2.5(#2)).

5.3.4. POOL SIMULATION ( V=3.5 M/S)
In this subsection the analysis of the same pool fire discussed in the previous subsection has been
conducted with the only difference being the use of a ventilation of 3,5ms−1. The chosen maxi-
mum speed is slightly higher compared to the critical velocity calculated previously. The results of
this FDS simulation are shown in the following pages. Two main differences have been recorded
between the case using 2,5ms−1 and 3,5ms−1 ventilation:
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Figure 5.20
HRR-pool fire (2.5 m/s)

1. the use of an higher ventilation speed brings more oxygen towards the fire and enhances the
combustion process. This is reflected by the higher HRR obtained in the simulation with
3,5ms−1 ventilation speed (Fig.5.26) compared to the one obtained with the simulation us-
ing a ventilation of 2,5ms−1 (Fig.5.20);

2. at the same time an higher ventilation helps both the heat to be extracted from the tunnel
and the mixing of cold air with the hot smoke layer. This results in lower fluid temperature
recorded downstream of the fire location. This phenomenon is confirmed by the results of
the CFD calculations carried out by TNO in [59] for Rijkswaterstaat. In Fig.5.25 the maximum
temperature calculated for the same scenario with the only difference being the ventilation
velocity is shown. It can be noted that higher ventilation speeds cause a considerable reduc-
tion in the maximum temperature.
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(a) Smoke development

(b) Longitudinal air velocity

Figure 5.21
Pool fire (2.5 m/s)-Smoke and air flow [5 min after ignition]
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(a) Longitudinal plane at half width

(b) Ceiling

Figure 5.22
Pool fire (2.5 m/s)-Fluid temperature [5 min after ignition]
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(a) Maximum temperature

(b) Ventilation speed

Figure 5.23
Pool fire (2.5 m/s)-Maximum temperature and ventilation
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Figure 5.24
Pool fire (2.5 m/s)-Maximum temperature curves

Figure 5.25
Maximum ceiling temperature-CFD simulation. Retrieved from [59]
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Figure 5.26
HRR-pool fire (3.5 m/s)

5.3.5. DISCUSSION AND COMPARISON WITH PREVIOUS SIMULATIONS

A discussion over the results obtained in this chapter in comparison with a representative simu-
lation carried out in the past is carried out. In particular, we will focus on the results obtained by
TNO and highlighted in [59]. This series of calculations was carried out for Rijkswaterstaat in order
to better understand and study the worst-case fire scenarios in a tunnel and their consequences in
terms of maximum temperature. It has to be pointed out that at the time it was carried out, the
calculation was conducted in 2D and not 3D due to excessive computational time required.

In Fig.5.25 the maximum recorded temperature for a pool fire with the following characteristics
are shown:

• 2 lanes tunnel, 10m wide and 5m high;

• tunnel of total length of 600m, composed by two inclined sections at the sides (4%) of 200m
and a flat section of 200m in the middle;

• pool fire of 301MW with a surface of 142m2, which is equivalent to a pool of approximately
13,4m diameter;

• fire duration of 37min;

• fire occurring in the middle of the tunnel;

• the leakage is described by a "Hole" condition (Table 4.1);

• fuel heat of combustion equal to 44100kJkg−1.

The tunnel cross section of the above mentioned simulation and the one used for the simula-
tions of this thesis, highlighted earlier in this chapter, are approximately the same. At the same time,
the pool fires have a similar diameter. These hypothesis allow us to compare and discuss the results
coming from the two simulations. We will only focus on the maximum temperature.
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(a) Smoke development

(b) Ceiling fluid temperature

Figure 5.27
Pool fire (3.5 m/s)-Smoke and ceiling fluid temperature [5 min after ignition]
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Figure 5.28
Pool fire (3.5 m/s)-Side wall fluid temperature

Figure 5.29
Pool fire (3.5 m/s)-Maximum temperature curves
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The results of the calculations in [59], from now on defined as "Simulation I", suggest that for
ventilation speeds between 2−3ms−1 the maximum temperature lies in the range between 1700−
1120◦C. These temperature are quite severe and for the former case it overshoots the maximum
temperature used in the RWS curve of more than 200◦C. On the other hand, looking at the results
obtained in this thesis for a pool fire with 2,5ms−1 in subsection 5.3.3, from now on defined as
"Simulation II", the maximum temperature recorded is considerably lower. In the first 17min of
simulation the maximum recorded temperature was 911◦C.

The huge difference in the maximum temperature highlighted above might raise doubts over
the validity of the results obtained in this thesis. This is not the case if a detailed analysis is carried
out over the hypothesis used in the two simulations and their differences. The following points
highlights the differences:

• Simulation I is carried out considering a 2D model while Simulation II a 3D one;

• the pool diameters and consequently the HRR are different between the 2 simulations. One
being 235MW and the other 301MW;

• Simulation I uses a tunnel 600m long with inclined parts, while Simulation II uses a flat tun-
nel of 100m length;

• Simulation I uses a heat of combustion of 44100kJkg−1, while Simulation II of 29903kJkg−1.

The different hypothesis that have been used, in particular the different heat of combustion,
explain the results. It has to be noted that the two simulations run for different time frames. There is
the possibility that Simulation II, if run for 37min it would cause a higher temperature to be present
in the tunnel. On the other hand, the temperature development of Simulation II seems to stabilize
around a temperature that is considerably lower compared to the RWS and Simulation I value.
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Figure 5.30
Fire curves comparison

5.4. CONCLUSIONS
Based on theory exposed and the results obtained in this chapter, with respect to the thesis objec-
tives, the following conclusions can be drawn:

1-DERIVE MOST PROBABLE FIRE SCENARIOS

• both analytical calculations and CFD simulations confirm that not the whole cross-sectional
internal surface of a tunnel is exposed to the high temperatures caused by the fire at the same
time;

• oxygen availability is one of the most fundamental parameters to be taken into consideration
when designing a tunnel against fire;

• oxygen availability and distribution within the tunnel during a fire are interconnected to many
other aspects, such as cross section dimensions, energy content of the fire source and ventila-
tion. Following the work carried out in this thesis, these three aspects have shown the biggest
influences in defining the temperature output of a given fire;

• the use of ventilation in a fire causes different points along the tunnel to experience signif-
icantly different fire loads. This leads to the possible need to use multiple worst-case fire
temperature curves to check the tunnel structural safety against fire.

3-COMPARE STANDARD DESIGN FIRE CURVES WITH PROBABLE FIRE SCENARIOS

• in general terms, comparing the scenarios considered in this thesis and the design fire curves
(Fig.5.30), the following points can be concluded:

– the initial temperature gradient of the design fire curves finds confirmation in the worst
scenario gradients that have been calculated in this thesis;

– the maximum temperature predicted by the design fire curve seems to be an overesti-
mate of approximately 200-400 ◦C;
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– later in Chap.6 the importance of the combined effect on the spalling mechanism of
both temperature gradient and elevated maximum temperature for long periods of time
is discussed. The scenarios considered above suggest that a concrete element could only
experience one of the above mentioned phenomenona and never both at the same time.
This is not the case for the design fire curves used in current practice, which have both a
steep temperature gradient and elevated maximum temperature.

• a proper definition of the hypothesis to be used in the CFD simulations is fundamental. These
must represent in the proper way the scenario under consideration. As highlighted in subsec-
tion 5.3.5, different hypothesis can result in outcomes that could be quite dissimilar.



6
NSC SPALLING MECHANISM - 1ST VERSION

This chapter is dedicated to the development of a spalling model based upon the idea of describing
the phenomenon as an equivalent buckling instability failure. The whole spalling model is based

upon the idea of a series of two failures:

• Buckling failure treated in the "Preliminary approach" section;

• Crack failure treated in the "Detailed approach" section.

Initially a section dedicated to the development of the model in agreement with full-scale test results
is described. Subsequently, the NSC spalling mechanism model is described. The model is composed

of two parts, namely Preliminary approach and Detailed approach, and they make use of the
following models:

PRELIMINARY APPROACH:

1. Column spalling model.

DETAILED APPROACH:

1. Stress model;

2. Optimal thickness model;

3. Crack model.

A section is then dedicated to the elaboration and discussion over the results obtained with the model
proposed in this chapter. Finally conclusions over the topics treated in this chapter are drawn.

6.1. SPALLING TEST RESULTS
In order to have info and data regarding the spalling mechanism, test results were searched in liter-
ature. A series of tests carried out by FSV [31] was found valuable and of interest to base the spalling
model upon. The tests mentioned earlier are carried out on concrete elements (1400x1800x500 mm)
with a load applied in the longitudinal direction through prestress. In the transverse direction, pre-
stress is also applied. The transversal prestress load is applied with a magnitude such to simulate
a fully clamped condition in that direction. In this way a plane strain situation simulating an in-
finitely long cross section can be achieved. In Fig.6.1a an example of the test setup is shown. The
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(a) Test setup

(b) Spalling test results

Figure 6.1
FSV544 Spalling Tests [31]

tests were carried out on multiple elements with different characteristics. In particular: different
loads applied, different concrete types, different aggregate types, different fire curves used.

The initial focus of this thesis is on the data coming from NSC elements. A list of the considered
test results used with the different characteristics of each test is shown in Table 6.1. In particular,
of great importance are the results showing the behaviour of the spalling mechanism in time. In
Fig.6.1b an example of it is shown, where the spalling depth in time is shown.

In order to understand and model the spalling mechanism we will only focus on the first piece
that spall. In Table 6.1 the first spalling depth (t) and time of occurrence (t1) are listed.

6.2. PRELIMINARY APPROACH
In order to model the spalling mechanism, a preliminary approach based on the buckling behaviour
of the spalled piece regarded as a column was chosen. The idea of modelling the spalling mecha-
nism as a buckling problem comes from the work done by Lottman [34] and explained in Chap. 3.
Modelling the problem as a buckling instability failure allows to include in the model the effect of
the imposed thermal deformations in the spalling mechanism. On the other hand, the proposed
model does not take into account the effect of the pore pressure. This follows the considerations
over the limited influence on the spalling mechanism of the pore pressure in a cracked element as
highlighted in subsection 3.5.2.

6.2.1. COLUMN SPALLING MODEL

In order to model the spalling mechanism as a buckling problem, we refer to Fig.6.2a. For the mo-
ment it is assumed that the concrete is cracked at a certain known depth (t ). This detached piece,
modelled as a rectangular beam, is the piece prone to spall. It is assumed that the piece has a known
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Table 6.1
List of spalling test results

Test Fire Curve Calc/Silic fcm [Mpa] σext [Mpa] t [mm] t1 [min]

VK01 RWS 120 (red.) C 33 1.16 21 12
VK02 RWS 120 C 33 1.16 20 6
VK05 RWS 120 C 33 1.16 18 4
VK06 RWS 120 C 33 1.16 22 3
VK11 RWS 120 C 33 9 26 2
VK12 RWS 120 C 33 9 31 1.5
VK19 ETK 240 C 33 1.16 21 7
VK20 ETK 240 C 33 1.16 16 4
VK21 RWS 120 C 38 6.5 15 4
VK22 RWS 120 C 38 6.5 10 2
VK33 Lainz 180 S 33 1.16 15 3
VK34 Lainz 180 S 33 1.16 32 2.5
VK43 RWS 120 S 33 1.16 17 3
VK44 RWS 120 S 33 1.16 17 3
VK58 Lainz 180 S 33 1.16 16 4
VK59 Lainz 180 S 33 1.16 33 4

buckling length (lbuc ), which will be searched later on. The detached piece is part of the element,
which is in general subjected to an external load (F ) and on the external side exposed to a fire curve.
The fire curve causes the element to be subjected to a temperature gradient which decreases into
the cross section.

Assuming the spalling mechanism can be studied as a buckling problem, the spalled piece is
regarded as a column of rectangular cross section, with dimensions equal to the thickness of the
spalled piece (t ) and the width of the element. In general the acting load (FE d ) is composed by the
external load (F ) and the thermal load (F∆T ) caused by the imposed deformation. The spalled piece
(column) is regarded as fully clamped at the supports. The resistance (FRd ) is given by the the Euler
buckling resistance (Fbuc ). In the equations below the acting load and the resistance are related to
each other.

FE d ≥ FRd (6.1)

F +F∆T ≥ Fbuc (6.2)

σ · A+Ec (T ) ·εc (T ) · A ≥ π2 ·Ec (T ) · I

l 2
buc

(6.3)

σ ·bt +Ec (T ) ·εc (T ) ·bt ≥ π2 ·Ec (T ) ·bt 3

l 2
buc ·12

(6.4)

In order to take into account the imposed deformation caused by the temperature into the cal-
culation procedure, it is decided to take a constant temperature. Since the temperature profile has
a gradient, it is decided to take an average of the temperature over the spalled piece thickness. This
is shown in Fig.6.2b. At the same time, the Young’s Modulus (Ec (T )) and the thermal elongation
(εc (T )) are temperature dependent. The behaviour with temperature of this quantities is shown in
Fig. 6.3.

The model is independent of the width of the spalled piece (b) as can be seen in eq.6.4, where
the width is present at both sides of the equation.
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(a) Model info (b) Temperature

Figure 6.2
Column spalling model

(a) Young’s Modulus [34] (b) Thermal elongation [52]

Figure 6.3
Concrete characteristics with temperature
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Figure 6.4
Buckling Length (calibration based on FSV544 Tests [31]

MODEL CALIBRATION

In order to use the model, the knowledge of the buckling length (lbuc ) is needed. The tests data
of Table 6.1 are used to calibrate the model and check weather or not there is a certain common
buckling length repeating for all the tests. In order to do so, the following info retrieved from the test
data are used:

• the spalled depth (t );

• the time at which spalling occurs. Taking the fire curve used and the temperature profile
calculated using the model shown in section 4.8, the temperature profile in the section at
a given time can be determined. From the temperature profile and the spalled depth the
average temperature (T −av g ) can be calculated;

• the Young’s Modulus (Ec (T )) and the thermal elongation (εc (T )) are defined by the average
temperature.

Inserting all that is stated above into eq.6.4, the only unknown is the buckling length (lbuc ). If
we calculate the buckling lengths for all the considered tests of Table 6.1, the result is shown in
Fig.6.4. Despite the fact that the tests were carried out with different conditions, by averaging 4
buckling lengths that seems to appear in Fig.6.4, the following buckling lengths are proposed: lbuc =
350/570/1000/1340mm. In particular, most of the tests show a buckling length of 350mm.

The column buckling model, in order to be generalized and used to check spalling, is still miss-
ing the information regarding the initial spalled depth to be used (t ). Considering the results of the
tests and what is seen in practice, it was chosen to assume as initial depth the aggregate size used
for the concrete mix.

In Fig.6.5 an example of the results obtained with the buckling spalling model is shown. In order
to improve understanding eq.6.2 is expressed using the external force and reads:

F = Fbuc −F∆T

Using this rearranged equation and knowing the external load applied we can directly consult
the graph and determine the average temperature causing spalling. The horizontal line represent
the external load acting on the spalled piece (F ). The inclined line, instead, represents the buckling
resistance with subtraction of the imposed deformation. The buckling resistance decrease for a
higher average temperature, due to reduction in the stiffness of the concrete and an increase in the
thermal elongation.
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Figure 6.5
Example result using column spalling model

(a) Rectangular (b) Semi-circle

Figure 6.6
Column cross sectional shapes

CROSS SECTION SENSIBILITY CHECK

In order to check whether the model is dependent on the chosen rectangular column shape, the
same procedure was followed for a column modelled as a semi-cylinder (Fig. 6.6b). The model
calibration was repeated with the new buckling length values and the same characteristics used
above (thickness, concrete and aggregate type, etc.). The result was compared with the previously
obtained result using the rectangular section. The minimum temperature for the piece to spall,
differs by only 2.5 %. Considering the numerical approximations that have been carried out, the
difference is considered negligible and the column spalling model is considered independent from
the chosen shape.

PARAMETRIC STUDY

In order to explore the possibilities and the results offered by the column spalling model, a para-
metric study was carried out varying the following parameters:

• buckling length (Fig. 6.7);
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Figure 6.7
Buckling length variation

Figure 6.8
Initial Young’s modulus variation

• Young’s modulus (Fig. 6.8);

• Aggregate type (Fig. 6.9);

• thickness (Fig. 6.10);

• external load (Fig. 6.11).

The following results are highlighted:

1. as expected, a longer buckling length and smaller thickness causes the piece to spall at a lower
averaged temperature. This means sooner in time;

2. initial Young’s modulus have almost no influence on the temperature causing spalling. This is
related to the same reduction with temperature of the Young’s modulus in both the buckling
resistance (Fbuc ) and in the force resulting from imposed deformations (F∆T );

3. as experienced in practice, for a higher load, the average spalling temperature reduces and
spalling occurs sooner in time;
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Figure 6.9
Aggregate type variation

Figure 6.10
Thickness variation

Figure 6.11
External force variation
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4. the aggregate type plays a major role in the spalling behaviour. This is related to the thermal
expansions experienced by different aggregates subjected to elevated temperatures.

6.3. DETAILED APPROACH
The preliminary approach explained earlier obtains promising results in terms of describing the
spalling mechanism for NSC. But, 2 important questions arise and need additional considerations:

1. What thickness should be considered for the spalled piece? Is the aggregate size an appropriate
choice? Is there and optimal thickness that has a higher probability to spall?

2. Given a certain thickness, is it true that the surface at that depth is cracked and the spalled piece
is indeed free to spall? Is it possible to check whether or not a crack is present?

In order to answer the above mentioned questions an additional part is added to the preliminary
approach. This detailed approach will focus on understanding if a crack is present at the rear of the
spalled piece as well as research if an optimal thickness is prone to spall.

6.3.1. STRESS MODEL

In order to answer to the questions above the mechanics involved for a fire exposed concrete ele-
ment need to be considered. For this reference is made to Lottman [34] which gives formulas to
calculate the stresses in the cross section exposed to a single sided fire while subjected to external
load and support conditions.

An overview of the model is shown in Fig.6.12a. In Fig.6.12b an example of the stresses present
in the concrete element partially restrained subjected to external loading is shown.

PARAMETRIC STUDY

In order to explore the possibilities and the results offered by the stress model, a parametric study
was carried out varying the following parameters:

• springs stiffness (Fig.6.13a);

• external load (Fig.6.13b).

The following results can be highlighted:

1. increased compression shifts the stresses towards the compressive side. So the point at which
the stresses change sign shifts away from the fire exposed side (Fig.6.13b);

2. a fully restrained element cause higher compression stresses to be present on the fire exposed
surface compared to a partial restrained one. At the same time, a reduction of the level of
restraint cause the non exposed surface to experience higher tensile stresses.

6.3.2. OPTIMAL THICKNESS MODEL

With the knowledge of the stresses in the cross section calculated with the model explained above
(Stress model), we are now able to do some considerations regarding the optimal thickness prone to
buckle and cause spalling. Referring to eq.6.2 it can be stated that the force acting on the spalled
piece (F +F∆T ) is related to the stress acting over a certain area, which represent the spalled piece.
The Stress model allows us to have a more precise estimate of this force taking into account the
structural restraint. If we now compare, for every possible thickness, the buckling force resistance
(FRd ) and the acting load (FE d =σ ·A), which includes both external load and thermal expansion, we
can find for which thicknesses the load overcomes the resistance and spalling can occur. The optimal
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(a) Stress model idealization [34]

(b) Example stress-partially restrained element

Figure 6.12
Stress model info
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(a) Boundary spring stiffness

(b) External force

Figure 6.13
Stress model-parametric study
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thickness is the one that has the higher probability to cause buckling and is in this case the thickness
with a higher difference between the load and the resistance (∆F ).

∆F = Fbuc −FE d

In order to carry out this calculation there is the need to discretize the section, as shown in
Fig.6.14a, and for every thickness knowledge of the following quantities is needed:

• the average temperature over a given thickness, calculated using the Lining temperature pro-
file (section 4.8);

• the average Young’s modulus, based on the average temperature of every thickness;

• the average thermal elongation, based on the average temperature of every thickness;

• the average stress, calculated based on the stress model (subsection 6.3.1).

In Fig.6.14b an example showing the optimal thickness for a partially restrained concrete ele-
ment is shown.

6.3.3. CRACK MODEL

In order to explain the cracking mechanism and whether or not the concrete is cracked along the
internal side of the spalled piece, a model based on strut & tie has been developed. The model
idealization can be seen in Fig.6.15 and is composed of a double triangular truss. The width of
the truss is equal to two times the spalled piece thickness. This is due to the fact that the crack is
assumed at the middle of the horizontal truss since this direction is in tension. The length of the
truss is taken equal to the buckling length (fixed and coming from the model calibration) and the
force acting at the nodes is proportional to the average stress over the thickness. The stress comes
from the previously mentioned Stress model (subsection 6.3.1). In the case the average stress results
in tension, the force acting is assumed to be null. This is related to the fact that in that case the
horizontal truss is subject to compression which do not give rise to cracks in the concrete.

An additional feature of the model is the load spreading from the 2 side nodes of the truss sub-
jected to tension. It is assumed that the tension force spreads in the direction of the middle cracked
surface of the model forming an angle of 45°. This can be better visualized checking Fig.6.16a. In the
same figure the expressions to calculate the loads acting on the strut & tie model are highlighted.
The angle α depends on the geometry of the spalled piece consisting of the fixed buckling length
(lbuc ) and the thickness (t ) and can be calculated as follows:

α= arctan
2t

lbuc
(6.5)

In a nutshell, the tension force is determined based on the spalling piece angle (α) while the
tensile stress governing the crack formation is based on the 45° spreading angle. This implies that
an initial crack of smaller length compared to the buckling length forms first. Subsequently, during
the continued compression, the crack propagates till the formation of the spalled piece. This can be
visualized in Fig.6.16b.

The tensile stress is compared to the tensile strength of the concrete which is temperature de-
pendent. Based on the Lining temperature profile shown in section 4.8, an average temperature
can be calculated for all thickness. In Fig.6.17 an example showing the tensile stress and and tensile
strength for different thickness of a partially restrained element is given. It can be noted that above
a certain thickness, the element becomes too thick and the crack cannot develop anymore. This
effect limits the maximum thickness of a piece that could be prone to spalling.
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(a) Element thickness discretization

(b) Optimal thickness example

Figure 6.14
Optimal thickness model info
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Figure 6.15
Crack model idealization



6.3. DETAILED APPROACH

6

111

(a) Crack model load distribution (b) Crack propagation

Figure 6.16
Crack model visualization

Figure 6.17
Crack model example
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6.4. SPALLING MECHANISM CALCULATIONS OVERVIEW
In Fig.6.18 the overview of the proposed spalling calculation approach is shown. This approach is
composed by the different models that have been proposed above.

The calculation method is composed of two parts. In the preliminary part, given an initial as-
sumption over the spalling thickness (equal to the aggregate size), an estimate for the occurrence or
not of spalling is given. In the former case an estimate of the time of occurrence of spalling can be
found. This time is dependent on the fire curve that the element is facing.

Based on this result, a more accurate calculation can be carried out which is subsequently in-
serted into the detailed approach. Based on the fire curve and the time of spalling, knowledge of
the stress in the cross section is possible through the Stress model. Once this is known the presence
of a crack is checked. An optimal thickness can also be calculated. In case the optimum required
thickness is smaller than the aggregate size, the initial estimate for the thickness is found to be valid.
If the opposite holds true then the optimal thickness is chosen and an iteration is carried out.

6.5. RESULTS
This section is dedicated at showing the results of the model developed in this chapter. Firstly the
column spalling model has been investigated. In this section the following standard element is cho-
sen as reference and will be analysed in detail:

• A: concrete element C20/25 with 16mm calcareous aggregate subjected to an external axial
stress of 5MPa with a 350mm fixed buckling length;

In Table 6.2 the minimum average temperature over the element thickness required for the el-
ement to spall is reported for different variations of the standard elements. This temperature is
independent of the fire load. The following different variations have been investigated:

• different aggregate sizes: 16/32 mm;

• different external stresses: 0/5/10 MPa;

• different aggregate: Calcareous/Siliceous;

• different concrete types: C20/25-C25/30-C30/37;

• the first and the second buckling length derived from the model calibration: 350/570 mm.

Considering the results and the big difference in temperature between elements with different
aggregate thickness, it is chosen to introduce a second reference element with the following charac-
teristics:

• B: concrete element C20/25 with 32mm calcareous aggregate subjected to an external axial
stress of 5MPa with a 350mm fixed buckling length;

Subsequently the predicted spalling time for the reference elements exposed to different sce-
narios have been calculated and shown in Table 6.3. This table include also cases where no spalling
occurs (Never) or where the spalling time was not calculated since the analytical or numerical set
time limit was reached without spalling occurrence (>). The considered scenarios and consequent
maximum temperature fire curves used are the following:

• ISO: the cellulosic curve is based upon building materials burning rates;

• Hydrocarbon: the hydrocarbon design fire curve proposed in the ROK [2] to model the worst
scenario temperature curve to be used to design open tunnel parts;
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Table 6.2
Average spalling temperature over the spalled thickness

t [mm] σext [MPa] Aggregate type Concrete lbuc [mm] T-avg

16 5 Calcareous C20/25 350 238
32 5 Calcareous C20/25 350 586

32 0 Calcareous C20/25 350 617
32 5 Calcareous C20/25 350 586
32 10 Calcareous C20/25 350 562

32 5 Calcareous C20/25 350 586
32 5 Siliceous C20/25 350 472

32 5 Calcareous C20/25 350 586
32 5 Calcareous C25/30 350 588
32 5 Calcareous C30/37 350 589

32 5 Calcareous C20/25 350 586
32 5 Calcareous C20/25 570 326

Table 6.3
Spalling time

ISO Hydrocarbon RWS HGV pool0 pool2.5(#2)

A (16mm) 8.2 min 2.6 min 3.4 min 7.8 min 2.2 min 5.2 min
B (32mm) >30 min 21.2 min 14.2 min Never Never >17 min

• RWS: the RWS design fire curve proposed in the ROK [2] to model the worst scenario temper-
ature curve to be used to design closed tunnel parts;

• HGV: the analytically modelled HGV with high energy content fire curve with ignition at am-
bient temperature (Fig.4.22). It has been shown in Chap.6 that for a vehicle fire igniting at
ambient temperature in a two lanes standard tunnel, this is the most severe fire curve both
in terms of initial steepness and maximum temperature. At the same time CFD simulations
confirms that the following curve is pretty accurate in describing an HGV fire with an HRR of
30MW;

• pool0 and pool2.5(#2) are the most severe fire curves among the pool fire simulations carried
out for a two lanes standard tunnel (Chap.5). In Fig.6.19 the modelled fire curves coming
from the pool simulations are shown together and it can be noted that pool0 simulation is the
one showing the steeper temperature development while pool2.5(#2) simulation shows the
highest temperature. This is the reason upon which the choice of this two fire curves as model
to be used for the spalling mechanism checks is based;

In Fig.6.20 the stress state in the concrete element at the spalling moment for the different fire
curve exposure is shown.

Finally, the detailed approach of the spalling calculation approach has been carried out on the
2 reference elements subjected to different fire curves. The results are shown in Table 6.4.
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Figure 6.19
Modelled pool fire curves

Table 6.4
1st model-Detailed approach results

Case t [mm] Fire curve topt [mm] Crack Iteration needed

A

16 ISO 10 Yes No
16 Hydrocarbon 10 Yes No
16 RWS 10 Yes No
16 HGV 10 Yes No
16 pool0 10 Yes No
16 pool2.5(#2) 10 Yes No

B

32 ISO Spalling over 30 min delayed, not calculated

32 Hydrocarbon 20 Yes Yes
32 RWS 15 Yes Yes
32 HGV Spalling does not occur

32 pool0 Spalling does not occur

32 pool2.5(#2) Spalling over 17 min delayed, not calculated
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(a) Stresses at spalling time of 16 mm aggregate concrete

(b) Stresses at spalling time of 32 mm aggregate concrete

Figure 6.20
Concrete element stress state at buckling failure
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6.6. CONCLUSIONS
Based on theory exposed and the results obtained in this chapter, with respect to the thesis objec-
tives, the following conclusions can be drawn:

2-DEVELOP SPALLING MECHANISM MODEL

• an analytical model able to describe the spalling mechanism called ’NSC spalling mechanism-
1st version has been successfully developed. The model estimates the initial spalling time of
NSC elements subjected to the fire, gives an indication over the optimal thickness of the first
concrete piece prone to spalling and it also checks whether the cracked surface necessary for
the occurrence of the mechanism forms. The model describes the spalling mechanism as a
series of 2 failure mechanisms:

1. crack failure is the necessary first step for the spalling mechanism modelled as a buckling
problem to happen. The spalled piece needs to be detached from the element before
having the possibility of being suddenly pushed out because of a buckling failure. The
crack failure is checked making use of the Crack model;

2. buckling failure is the second step of the spalling mechanism resulting in the detach-
ment of concrete pieces and is checked using the column spalling model.

In this thesis an approach which first checks the possibility of a piece to fail under buckling
instability and subsequently checks the occurrence of the necessary crack failure is followed.
This reversed procedure has been carried out due to the complexity of the problem, involving
a relation between time, temperature, material properties and stresses, which could not result
in a crack failure check without previously estimating the buckling failure time;

• the aggregate thickness is, according to the proposed model, one of the most important pa-
rameters influencing the NSC spalling mechanism. It has been found that taking an aggregate
of double the thickness can considerably delay or under certain circumstances prevent the
buckling failure as highlighted in Table 7.3. On the other hand, this does not reflect the evi-
dence of better spalling performance shown in practice by concrete mix containing aggregates
of reduced sizes. This could be related to the micro structural behaviour and its influences in
the crack failure mechanism (section 7.3) which are not included in this model;

• the use of calcareous aggregates over siliceous one has been found to be beneficial on reduc-
ing the effects of the spalling mechanism;

• both the analytical model and the test results show worse spalling performances of NSC ele-
ments subjected to increasing external load. In the analytical model the external load plays
a role only in the buckling failure, but in a revised version of the model it should also be in-
cluded in the crack failure;

• the analytical model indicates that the aggregate size and type have a considerably higher
impact on the spalling mechanism occurrence compared to the external load.
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SPALLING MECHANISM: 2ND VERSION AND

HSC/PPFRC

In this chapter an improved version of the spalling mechanism model is proposed and the results
predicted with the use of this 2nd version model are discussed. Subsequently the limits and

possibilities offered by the spalling model are investigated and in particular its use for the description
of HSC and PPFRC elements spalling is discussed. Additionally a section is dedicated to a detailed

description of the crack failure and the limits of the crack model are investigated. Finally conclusions
over the topics treated in this chapter are drawn.

7.1. SPALLING MECHANISM IMPROVEMENTS (2NS VERSION)
The NSC spalling mechanism - 1st version proposed in Chapter 6 has shown great potential in de-
scribing the spalling failure. Nevertheless, there are aspects that still raise questions or demand for
improvements. The following points require additional attention:

• the predicted spalling times seems to be too delayed if they are compared with the experimental
spalling time of a NSC element. In the particular case of a NSC element exposed to RWS curve
and Hydrocarbon the spalling time of the reference element B in Chap.6 appears to be exces-
sively delayed compared to the full-scale test results recorded in [31] which range in the interval
(1.5-12) min;

• Is the choice of calibrating the model (subsection 6.2.1) with a finite series of buckling lengths
appropriate? Which one should be considered?

To answer the above mentioned questions and seek for a possible different calculation approach,
the full-scale test results summarized in Table 6.1 have been further studied. Analysing the data
in Table 6.1 and the buckling lengths coming from the model calibration (subsection 6.2.1) it was
found that there is a repetitive relation between the length and depth of the spalled piece. As shown
in Fig.7.1 and Table 7.1, at a macroscopic level the spalled piece forms an averaged angle of 85°
between the spalling depth and the buckling length. This is the case for all the tests of Table 6.1.
Based on this result it was then assumed that there is a fixed relation between the length and depth.
These are related to each other through the 85° angle as shown in Fig.7.1. The spalling calculation
approach schematized in Fig.6.18 was consequently modified in order to account for this fact. The
main difference lies in the choice of the buckling length. While in the 1st-version is taken as a con-
stant value, in the 2nd-version is directly related to the spalling depth.
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Table 7.1
Spalling test results-Depth/length relation

Test t [mm] t1 [min] lbuc[mm] β[Deg ] βavg[Deg ]

VK01 21 12 350

β= arctan
( lbuc

2 · t

)

83

85

VK02 20 6 300 82
VK05 18 4 390 85
VK06 22 3 640 86
VK11 26 2 950 87
VK12 31 1.5 1290 87
VK19 21 7 560 86
VK20 16 4 510 86
VK21 15 4 280 84
VK22 10 2 320 86
VK33 15 3 460 86
VK34 32 2.5 1380 87
VK43 17 3 360 85
VK44 17 3 360 85
VK58 16 4 370 85
VK59 33 4 1050 86

Figure 7.1
Depth-Length relation

For the column spalling model, the same approach of subsection
6.2.1 was followed with the only difference being the fact that the value
of the buckling length was now related to the spalled piece thickness.
This resulted in higher values of the buckling length for the pieces with a
thickness larger than approximately 15mm compared with the predicted
1st-version model values. A higher value of the buckling length causes an
earlier buckling failure as can be calculated with eq.6.4.

Similarly the optimal thickness model was modified. In the same way
as done in subsection 6.3.2 the acting load can be compared with the
buckling resistance for every thickness. Relating the length to the thick-
ness of the spalled piece a similar graph as the one of Fig.6.14b can be
obtained. The results show a tendency towards a slightly bigger value of
the optimal thickness compared to the one predicted in the 1st-version.

The concepts behind the crack model were not varied. The only
difference present in the new model is the introduction of the relation
between buckling length and thickness of the spalled piece while pre-
viously a fixed value of the buckling length was taken. As a result, the
tension force is determined based on a different double triangular truss
which has a fixed value for the angle α= 5° (see Fig.6.16a), while the ten-
sile stress is calculated in the same way as done in the 1st-version model
with a 45° spreading angle.

7.1.1. RESULTS

This subsection shows the results obtained using the improved spalling model explained in this
chapter. The same approach followed in Chap.6 has been conducted, making use of 2 reference con-
crete elements (A and B) and a series of representative fire temperature curves. The same elements
and curves as the one used in Chap.6 have been here examined. Both results from the improved
preliminary and detailed approaches are here highlighted.
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Table 7.2
Average spalling temperature over the spalled thickness

t [mm] σext [MPa] Aggregate type Concrete lbuc [mm] T-avg

16 5 Calcareous C20/25 366 221
32 5 Calcareous C20/25 732 221

32 0 Calcareous C20/25 732 247
32 5 Calcareous C20/25 732 221
32 10 Calcareous C20/25 732 195

Table 7.3
Spalling time

ISO Hydrocarbon RWS HGV pool0 pool2.5(#2)

A (16mm) 7.4 min 2.2 min 3.2 min 7 min 2 min 4.8 min
B (32mm) 11 min 4 min 4.4 min 11.6 min Never 7.2 min

Table 7.2 shows the average temperatures for which the column spalling model forecasts buck-
ling failure. The tendency shown in Chap.6 for different external loads is still followed. The major
difference lies in the fact that in this model the average buckling temperatures of the wide aggre-
gate size reference element are considerably reduced. In fact, the same average temperature caus-
ing buckling both for the reference element A and B is predicted. This can be explained analysing
eq.6.4 which describes the buckling failure and in particular: considering that a fixed relation is
present between thickness (t ) and buckling length (lbuc ) and dividing at both sides of the equa-
tion for the thickness, the equation becomes independent of the aggregate thickness and the same
spalling temperature is predicted. In any case, this result does not imply that both element buckle
at the same time. A wider element thickness, require much more time to be heated till the critical
average temperature.

Table 7.3 shows the times at which the 2 reference elements buckle while exposed to different
fire temperature curves. It can be highlighted that lower buckling times for the reference element B
are predicted in this 2nd version model. This is more in line with the results of full-scale tests [31].
It must be noted that the exposure of elements to the ISO fire curve causes buckling. Even if this is
considerably delayed compared to the more severe fire curves, it does not fully describe what is seen
in practice. The exposure of concrete elements to the ISO curve does often not cause the spalling
failure to occur. As will be explained more in detail in section 7.3, the reason for this can most likely
be attributed to the crack failure mechanism. This cause the element to be prone to buckling failure,
but the crack has not fully developed impeding the spalled piece to be detached from the concrete
element.

In Fig.7.2, the stresses over the concrete element at the time in which buckling failure is pre-
dicted are shown. It can be noted that most of the stresses profile caused by the fire temperature
curves follows a similar trend. An exception to that is represented by the stress profile of the refer-
ence elements exposed to the HGV and ISO curve. These curves cause the element to experience a
more distributed stress state along the element.

Table 7.4 summarises the results of the detailed approach applied to the reference elements. It
can be noted that for wider aggregate size elements the crack failure is suggested to be governing
over the buckling failure causing a delay or prevention of the spalling occurrence. In this case the
spalling occurrence has to be calculated using the crack model. Starting from the spalling time pre-
dicted by the column spalling model, time has to be increased gradually until the time (if any) of
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(a) Stresses at spalling time of 16mm aggregate concrete

(b) Stresses at spalling time of 32mm aggregate concrete

Figure 7.2
Concrete element stress state at buckling failure
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Table 7.4
2nd model-Detailed approach results

Case t [mm] Fire curve topt [mm] Crack Iteration Fig.

A

16 ISO 5 Yes No
16 Hydrocarbon 5 Yes No
16 RWS 5 No No
16 HGV 5 Yes No
16 pool0 5 No No
16 pool2.5(#2) 5 Yes No

B

32 ISO 10 No No a1
32 Hydrocarbon 10 No No
32 RWS 10 No No
32 HGV 10 No No a2
32 pool0 Spalling does not occur

32 pool2.5(#2) 10 No No

cracking failure occurring. An example showing a similar calculation procedure is shown in sub-
section 7.3. Following that, in Fig.7.3 2 examples of the results at the time for which buckling is
predicted and obtained with the 2nd-version of the crack model are shown. It can be seen that for
the examined depth the tensile strength ( fctk,0.05) is still higher than the tensile stress (σt ) applied
and the spalling failure cannot occur at that time.

7.2. HSC AND PPFRC
In this section some considerations regarding the applicability of the NSC spalling mechanism model
for the description of the spalling failure of HSC and PPFRC elements are expressed. In literature,
available and appropriate full-scale test results over the spalling failure of HSC and PPFRC elements
are missing. Documented knowledge over the shape and dimensions of the spalled pieces of these
elements is essential to describe and model properly the failure mechanism. It is thus difficult to
use the same spalling mechanism approach proposed in Chap.6 to model these elements spalling
failure.

The spalling mechanism proposed in Chap.6 can be synthetically summarized as a series of two
failure mechanisms: crack failure and buckling failure. While considerations over the crack failure
are difficult to express without sufficient full-scale test results available, some analytical ones can
be conducted over the buckling failure of HSC and PPFRC elements. The buckling failure has been
modelled using the column spalling model, which is described by eq.6.4. While using the model, it
was here chosen to assume an external load equal to zero in order to better understand which are
the internal parameters (subsection 3.5.3) that while changing can describe the behaviour shown
by the High Strength Concrete (HSC) and Polypropylene Fibre Reinforcement Concrete (PPFRC)
in terms of spalling failure. Under the assumptions remarked above, the equation describing the
buckling failure can be re-written as:

FRd −FE d ≤ 0

π2 ·Ec (T ) ·bt 3

l 2
buc ·12

−Ec (T ) ·εc (T ) ·bt ≤ 0 (7.1)
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(a) Figure a1

(b) Figure a2

Figure 7.3
Crack model results
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In the following subsections the parameters that can play a role in the description of HSC and
PPFRC using the column spalling model will be discussed. Considerations over the influence of the
parameters that differs between NSC and HSC/PPFRC will also be highlighted.

7.2.1. HIGH STRENGTH CONCRETE

For the High Strength Concrete, the parameters that can change comparing it with NSC are high-
lighted in eq.7.2.

π2 ·Ec(T) ·bt3

lbuc
2 −Ec(T) ·εc(T) ·bt ≤ 0 (7.2)

These parameters play a different role in relation to the spalling behaviour. The following con-
siderations can be done:

• the thickness of the spalled piece (t ) and the buckling length (lbuc ) are in relation with each
other. This has been highlighted in section 7.1. They represent the shape of the spalled piece,
which varies significantly between NSC and HSC. With the former showing a shorter and
thicker piece shape, while the latter showing a thinner but longer one [34]. In general, the
relation found in the previous chapter for NSC can not be used. This is derived on the base of
full-scale test experiments carried out on NSC elements.

Considering the fact that the HSC spalled pieces are thinner, it is possible to show that for
a constant value of all the other parameters a reduced value of the thickness causes spalling
failure to occur earlier. This is in agreement with the full-scale tests experiments carried out
so far, where HSC is considered more susceptible to show spalling earlier in time [34];

• the Young’s Modulus (Ec (T )) has the same behaviour with temperature compared to NSC ac-
cording to Kodur [29]. The Initial Young’s Modulus at ambient temperature of HSC is higher
compared to NSC, but this has a negligible influence on the spalling behaviour as shown in
Fig.6.8;

• the thermal elongation (εc (T )) has a similar behaviour with temperature compared to NSC as
highlighted by Kodur in [29];

7.2.2. POLYPROPYLENE FIBRE REINFORCEMENT CONCRETE

For the Polypropylene Fibre Reinforcement Concrete, the parameters that can change comparing it
with NSC are the same as for HSC and are highlighted in eq.7.2. The parameters play a different role
in relation to the spalling behaviour. The following considerations can be done:

• the Young’s Modulus (Ec (T )) has the same behaviour with temperature compared to NSC. The
NSC behaviour, shown in Fig.6.3a, has been compared with the Young’s Modulus temperature
behaviour proposed by Aslani et al. [5]. The graph comparing the 2 results is shown in Fig.7.4.
The same concrete class has been used, with the PPFRC containing a fibers volume fraction
(V f ) of 0.2%.

The temperature behaviour of the PPFRC Young’s Modulus can be described with the follow-
ing equations:

EPPF RC = Ec −31.177 ·V f

EPPF RC (T ) = EPPF RC ·
{

1 20◦C

1.01−0.0013T +10−7T 2 100◦C ≤ T ≤ 800◦C
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Figure 7.4
Young’s Modulus: NSC vs PPFRC

• the thermal elongation (εc (T )) shows a different behaviour compared to the NSC. The PPFRC
shows lower thermal elongation until 600◦C with a maximum reduction of approximetly 5%
at 500◦C according to the research carried out by Aslani et al. [5]. After this temperature there
is a sudden increase in the elongation. This can be linked to the transformation of sand and
gravel from quartz α to quartz β. In the concrete mixture this gives rise to a strong volumet-
ric expansion at around 575◦C. In Fig.7.5 the thermal elongation of PPFRC (εcT ) has been
compared with the thermal elongation of NSC (εc ).

The PPFRC thermal elongation behaviour cause the element to delay the spalling failure due
to the reduced thermal elongation. This phenomenon is in agreement with the results ob-
tained applying PP fibers in the concrete mixture when exposed to fire. The addiction of
fibers is known to have a beneficial effect on the spalling failure, delaying its occurrence [11].
Nonetheless, thermal elongation according to this data only has a small influence and cannot
alone describe the better performance of PPFRC elements.

7.2.3. PARAMETRIC STUDY

The considerations expressed in the previous subsection contribute in developing the understand-
ing over the spalling mechanism model and its possible extension towards the description of other
concretes compared to the NSC. Nevertheless this is not sufficient to prove or assess the applicabil-
ity of such a model in that direction. It was then decided to carry out a parametric study in which
some representative parameters, based upon the considerations over eq.7.1, are varied. The refer-
ence case is the standard element B and the variations concerns the following parameters:

• thermal elongation (Fig.7.6). The standard element thermal elongation with temperature was
increased and decreased of 25%;

• Young’s modulus (Fig.7.7). The standard element Young’s modulus with temperature was in-
creased and decreased of 25%;

• Depth/Buckling length relation (Fig.7.8). The relation between the depth and buckling length
of the spalled piece was varied from the 85° of the standard element to 83° and 87°. Meaning
that for a given thickness the spalled piece length is respectively smaller and bigger compared
to the standard element length.
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Figure 7.5
Thermal elongation: NSC vs PPFRC. Retrived from [5]

Figure 7.6
Thermal elongation variation
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Figure 7.7
Young’s modulus variation

Figure 7.8
Depth/Buckling length relation variation
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In general terms, according to [11], HSC elements shows worst performances and PPFRC ele-
ments improved ones in terms of spalling failure prevention. Referring to this known behaviours,
the following results are highlighted:

1. the thermal elongation behaviour seems to play an important role in the occurrence of the
spalling mechanism. Based on the results of Fig.7.6, it is suggested that PPFRC should show a
reduced thermal elongation compared to NSC. This is partially suggested by the result shown
in Fig.7.5 and could be explained by the restraining effect that the melted PP fibers could have
while the concrete mixture tries to expand due to exposure to high temperatures. On the other
hand it is suggested that HSC should show an increased thermal elongation compared to NSC.
This is not suggested by the study carried out by Kodur in [29];

2. the Young’s modulus have almost no influence on the temperature causing spalling. This is
in agreement with the results of section 6.2.1. It has also to be noted that Aslani et al. [5] for
PPFRC and Kodur [29] suggest that the reduction of the young’s modulus with temperature do
not vary if compared with NSC;

3. the Depth/Buckling length relation seems to play a fundamental role in the spalling mecha-
nism. It is suggested that PPFRC shows spalled pieces that are of reduced dimensions while
HSC shows pieces that are slices of considerable length. The latter statement in is agreement
with the spalled pieces of tested HSC elements.

The proposed NSC spalling model has potential to capture the spalling behaviour seen in prac-
tice for HSC and PPFRC elements. The column spalling model seems to capture and describe parts
of their behaviours, but in the view of the author it cannot be considered the only part that de-
fines the differences between NSC and the other elements. The crack model describing to the crack
failure, must also play an important role and at the same time explain the performances of HSC
and PPFRC elements. The crack mechanism must be of fundamental importance and should be
therefore more carefully studied both for NSC elements and for the other concrete typologies. In
the following section attention will be given to the crack failure and the model proposed to treat it
(crack model).

7.3. CRACK FAILURE
The previous sections showed the great potential of the spalling mechanism both for NSC and
HSC/PPFRC elements. For the latter it was highlighted that the crack failure might play a big role in
describing the whole spalling failure problem.

Both the 1st version and 2nd version of the NSC spalling mechanism make use of similar as-
sumptions in the crack model used to describe the crack failure. The tensile stress governing the
crack formation was calculated under certain assumptions over the tensile load spread. As a conse-
quence of the importance of the crack mechanism in the spalling mechanism, the following point
is put under discussion:

• the chosen angle (45°) for the spreading of the tensile load in the strut & tie crack model (subsec-
tion 6.3.3) raises some doubts. The mentioned value is an engineering common practice choice
whenever no additional research or information are available, but the validity of this choice in
this case has yet to be proven in literature

In order to better understand the cracking phenomenon, two variations studies (Study 1/Study
2) have been conducted. These studies make use of the strut & tie model of Fig.6.15, but some
quantities are fixed to a constant value while the others are varied.
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(a) Study 1 (b) FEM spalling result. Retrieved from [34]

Figure 7.9
Crack failure visualization

Study 1 uses as a starting assumption that the two strut& tie models used for the calculation of
the tension force and tensile stress are the same. In case the crack failure, at the moment in time
in which buckling failure is predicted, does not occur then the value of the length over which the
tension force is spread is subsequently reduced. This is repeatedly done until the length for which
the tensile stress overcomes the tensile strength. In order to better visualize this procedure, we refer
to Fig.7.9a.

In study 2 a different approach has been followed. The strut& tie models used to calculate the
tension force and tensile stress have been kept the same. In case the crack failure, at the moment
in time in which buckling failure is predicted, does not occur then the time was subsequently in-
creased. The time was increased until the moment that crack failure occurs. Increasing the time
causes the tensile stress to increase due to the more severe compression acting on the fire exposed
concrete surface. At the same time, the temperature gradient progresses and increases into the cross
section causing the tensile strength to reduce.

STUDY 1
In this study the following hypothesis were used:

• aggregate thickness of 32mm;

• Concrete C20/25 with calcareous aggregate;

• External stress of 5MPa in compression;

• RWS fire curve exposure causing buckling failure after 4,4min;
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• starting strut & tie length (l = lbuc = 732mm).

The value of the tensile strength ( fctk,0.05) is constant due to the assumption of keeping the time
fixed. At the same time the length of the strut & tie model was taken as a variable and the tensile
stress (σt ) is consequently varying for different lengths. In Fig.7.10a the result of this study is shown.
It was found that for lengths smaller than 237mm a crack is predicted. This value is considerably
smaller than the buckling length of 732mm which is used to determine the tensile force acting on
the spalled piece. The angle over which the tensile force spreads in the case of a 237mm long spalled
piece is ≈ 75°. It is a value in between the 45° angle used to determine the tensile stress and 85°
angle to determine the tensile force in the spalling mechanism. This results suggests and confirms
the previous assumption used in the original crack model, which suggested a cracking length on the
inner side of the concrete element which is smaller than the buckling length visible on the surface.
Fig.7.9b shows the result obtained by Lottman [34] in a FEM calculation conducted to model the
spalling mechanism. A similar crack pattern compared to the one proposed is visible.

This study suggests that the initial crack develops at the internal side of the spalled piece with a
length smaller than the buckling length. While the imposed deformation caused by the fire develops,
a crack propagation phenomenon take place. This causing as a final result the complete detachment
of the spalled piece from the element and allowing the spalled piece to buckle.

STUDY 2
In this study the following hypothesis were used:

• aggregate thickness of 32mm;

• Concrete C20/25 with calcareous aggregate;

• External stress of 5MPa in compression;

• strut & tie length (l = lbuc = 732mm);

• initial time: 4,4min.

In this study the stru & tie length is fixed and the time is considered as a variable. Assuming the
time as a variable both the tensile strength ( fctk,0.05) and tensile stress ( fctk,0.05) vary in time. The
former due to the changing temperature profile and the latter caused by the different compressive
load applied in the strut & tie model due to a changing stress state in time. Fig.7.10b shows the result
of this study. The crack failure occurs more than 25min later compared to the predicted buckling
failure time.

This result suggests that the crack failure could be governing over the buckling failure under cer-
tain circumstances. This effect could explain the sudden and violent detachment of concrete pieces at
a certain moment in time that some full-scale test show. The concrete piece could be seen as a spring
accumulating load and prone to fail under buckling, but still prevented from spalling by the fact that
the ctrack is not fully formed and the piece is still connected with the concrete element. Once the full
crack has develop, the piece is free to spall and release the accumulated energy.

ADDITIONAL CONSIDERATIONS

This section confirms the importance of the crack failure in the spalling mechanism. This thesis
gave an indication on a methodology that could be applied to check the formation of the initial crack
(Fig.6.16b). When this occurs, it is then assumed that the crack propagation towards the element
surface will take place instantaneously. Nonetheless, the crack propagation is an important aspect
to investigate further. Both from this thesis work and from Lottman [34] FEM results it is suggested
that this propagation might in some cases govern the spalling mechanism.
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(a) Study 1 result

(b) Study 2 result

Figure 7.10
Studies over the crack failure results
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Further research and full-scale tests are needed to better understand in detail this phenomenon.
In the view of the author, the introduction into the crack model of the stress gradient in depth is of
great importance. Considering the stresses at buckling failure of Fig.7.2, the different stress state
of elements exposed to the ISO or HGV fire temperature curve might explain the results seen in
practice. In this sense, the exposure to ISO curve sometimes does not cause spalling in practice,
while the actual version of the model predicts its occurrence (Table 7.4).

Additionally, the external load should be included in the crack failure mechanism. An higher
external load causes a more distributed initial crack pattern. During heating the cracks will extend
the existing pattern due to thermal deformation [38]. It can be said that the external load predefines
the spalled piece crack pattern and the subsequent spalled piece shape.

The micro-structure and in particular the different thermal behaviour of aggregate and mortar
are considered relevant to the development of the spalling mechanism. In particular, for the crack
failure description the introduction of these aspects could be necessary. While the proposed model
describes concrete mixes with large aggregate as beneficial for spalling, this is not always the case
in practice. This could be explained briefly analysing the micro-structural behaviour of concrete
components:

1. for NSC with calcareous/siliceous aggregate, the thermal deformation of the aggregate is con-
siderably greater compared to the mortar [15]. This causes the aggregate to push against the
mortar causing internal crack patterns;

2. NSC shows a greater stiffness reduction with temperature of the aggregate compared to the
mortar [54],[13]. This causes the aggregate to take a higher share of the applied external load
and subsequently experience higher elastic and inelastic deformations compared to the mor-
tar resulting in additional internal cracks.

The two behaviours mentioned above suggest that great sized aggregate have a bigger impact
on the crack formation and propagation causing spalling to occur.
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7.4. CONCLUSIONS
Based on theory exposed and the results obtained in this chapter, with respect to the thesis objec-
tives, the following conclusions can be drawn:

2-DEVELOP SPALLING MECHANISM MODEL

• an improved model based upon the model exposed in Chap.6 has been developed, named
’NSC spalling mechanism-2nd version. The results of this model find better agreement with
the data coming from full scale tests and results mentioned in literature;

• this model suggests that, in some cases, the crack formation might be governing over the
buckling failure spalling mechanism;

• the NSC spalling model shows great potential for being expanded further towards the descrip-
tion of the spalling behaviour of HSC and PPFRC elements.

4-COMPARE SPALLING TEST PROCEDURES WITH SPALLING MECHANISM MODEL

• the spalling times predicted by the 2nd version of the column spalling model are in the same
values range as the ones seen in full-scale test reports;

• the model predicts spalling for NSC elements exposed to the ISO curve. This is not in agree-
ment with the full-scale tests results where this often does not occur. A possible explanation
can be sought in the crack formation mechanism in relation to the temperature gradient ex-
perienced in time by the concrete element. In Fig.7.2 it can be noted that a fire curve like the
ISO curve gradually heats up the concrete surface and causes a less severe temperature gradi-
ent in the concrete. This could eventually lead to a different crack formation mechanism that
impedes the piece to develop a full crack;

• the optimal thicknesses are often lower than the aggregate size. Nonetheless, the aggregate
size taken as the minimum thickness along which crack can form is considered a good choice
for NSC elements. For this concrete typology the matrix is the weakest part of the mixture and
the crack could freely form and expand. On the other hand, for HSC the aggregate substitutes
the matrix on being the weakest part and could allow the crack to develop at a lower depth
than the aggregate size. This phenomenon agrees with evidences seen in practice of HSC
spalled pieces having a thinner depth compared to NSC ones;

• for small thicknesses the buckling failure is often the governing failure mode while for bigger
ones the crack failure is governing. This suggests that for concrete with large aggregate sizes,
the buckling could occur but is prevented by the fact that the crack is not yet formed;

• the spalling model hold high potential for being extended towards the description of the
spalling mechanism of HSC and PPFRC elements.
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CONCLUSIONS AND RECOMMENDATIONS

This chapter focuses on the conclusions of this thesis. In particular, the conclusions are structured
upon the answers given to the research question. In addition, this chapter will culminate in a section

providing recommendations regarding future research and practice.

8.1. CONCLUSIONS
The research question proposed in this thesis aims at bridging the knowledge between fire safety
engineering and structural engineering and improving the design of underground infrastructures by
combining these two fields . At the same time, the formulation of new models and methodologies is
carried out to achieve this goal. The following conclusions in relation to this thesis research question
can be drawn:

• in general terms, a better understanding of the fire dynamics and spalling mechanism allows
engineers to have better control over the underground infrastructure design process. For the
particular subject of design under fire circumstances, this control is sometimes missing in the
current design methodology, where prescribed design fire curves which do not account for
the specific tunnel characteristics are used and a trial and error test procedure for concrete
spalling free linings approval is carried out;

• improved knowledge concerning the fire dynamics allows the designer to take a more realistic
fire scenario into account during the design. Lower and less severe temperature develop-
ments imply the use of fewer protective measures and consequently a reduced budget to be
accounted for fire safety actions. Valuable resources could be used for other purposes within
or outside the same project. As a reference, a narrow 2 track railway tunnel of 1,5km has an
estimated heat resistance cladding cost of 4.3 million euros according to [45]. Part of this cost
could be saved by using fire curves based on specific tunnel scenarios;

• this thesis underlines the importance of the tunnel cross section and oxygen availability in
defining the worst fire curves under a given scenario. Under these circumstances the applica-
bility of the RWS curve for the design of all the tunnels is put under discussion. The conditions
under which the RWS has been derived and the consequent design fire curve that has been
proposed do not always model the conditions of the specific tunnel design under consider-
ation. A cross section of 2x2 meters with unlimited fuel supply, as the one used in the tests
used for the derivation of the RWS curve, provokes extremely high temperatures to develop in
the trial tunnel. The high temperatures are caused both by the confined conditions and the

135
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continuous oxygen supply that a short tunnel without obstacles and of reduced length (8m)
causes;

• the use of ventilation to control the fire scenario and prevent the spalling mechanism to be
more severe can be applied. In Fig.8.1 the worst fire curves above the fire location and down-
stream for the cases of a 2,5ms−1 and 3,5ms−1 pool fire in a two lane tunnel are shown. It
can be noted that two important achievements can be accomplished using the ventilation in
a proper way:

1. improving the fire recognition and activating the ventilation earlier in time can reduce
the temperature peak that the points above the fire location experiences;

2. a higher ventilation speed seems to contribute to cooling down the points located down-
stream of the fire. This implies a lower maximum temperature for the worst fire curves.

• this thesis suggests that the spalling mechanism is something that cannot be prevented for
NSC elements without the use of protective measures. These measures are indeed currently
necessary in The Netherlands. According to the Dutch regulations contained in the ROK [2],
the tunnel design must be carried out guaranteeing that no spalling occurs during a fire.
On the other hand, the use of reduced and tunnel specific fire curves helps in reducing the
amount of protective measure that are necessary to prevent spalling. This resulting in a re-
duction of the costs;

• in case the design accounting for spalling occurrence is allowed, the results obtained from
this thesis give the opportunity to achieve a dual objective:

– the NSC spalling model allows engineers to estimate the concrete cross section reduc-
tions caused by spalling and consequently design the tunnel in accordance with these
conditions;

– considering a tunnel specific worst-case fire scenario might result in reduced fire tem-
perature curve compared to the design fire curves currently used. This is beneficial for
the spalling failure and can result in a more economical design.

The development of spalling is already allowed by Eurocode 2, part 1-2 under the condition
that ’the influence of spalling on performance requirements (R and/or EI) shall be taken into
account’ [52, p. 30].

• PPFRC elements are good candidates to prevent spalling. This is confirmed by full scale results
and suggested by the analytical studies carried out in this thesis. It is necessary to conduct
more research on this topic in order to understand the PPFRC mechanism. This could lead to
a design which prevents spalling without the use of additional protective measures;

• the fire curve steepness, the time of exposure and the maximum temperature all have a great
influence on the spalling mechanism. This effect can be better understood analysing the
results of Table 7.3. Reference element B does not spall when exposed to the temperature
curve representing the worst-case fire scenario:pool0 (Fig.6.3). This temperature curve shows
a steep temperature gradient and a severe maximum temperature, but the duration of time
that the element is exposed to this temperature is not sufficient for the buckling failure to take
place.
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Figure 8.1
Ventilation use in defining fire scenarios

8.2. RECOMMENDATIONS
The conclusions of this thesis help to broaden the knowledge and have a better insight into the
topics involved in the design of underground infrastructures under fire conditions. To further de-
velop the understanding of this topic additional research is needed and some recommendations are
given in this section. On top of that, this thesis showed that many possibilities to further improve
the design process in the engineering practice are possible. Some recommendations in this sense
are given.

8.2.1. RECOMMENDATIONS FOR FUTURE RESEARCH

The following research possibilities are suggested:

• the conduction of full-scale tests aimed at studying the HRR of different fires. In particular
the influence of the tunnel cross section, vehicle type, pool dimensions, fuel depletion and
ventilation on the HRR development must be further improved and studied at a real scale;

• additional research both analytical and experimental of fires caused by explosions, BLEVE
and VCE;

• a better theoretical understanding of the smoke instability phenomenon supported by full
scale tests results;

• study analytically the early phase of pool fire in order to be able to predict its development
under different conditions such as pool diameter, ventilation and tunnel characteristics;

• experimental and probabilistic research in terms of fire ignition conditions, fuel leakage, prob-
able fire scenarios;

• spalling full-scale test of NSC, HSC and PPFRC elements focusing on recording the spalled
pieces thicknesses and lengths in time. Additional attention should be paid to understand
and possibly visually capture the crack development in time during spalling. Zeiml in [64]
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Figure 8.2
Radiation from solid phase pyrolysis

recorded the spalling failure of concrete elements using high speed camera images. This ex-
perimental method could be used to collect a series of spalling results;

• supported by full scale experiments new analytical models should be developed to under-
stand and predict the cracking behaviour under spalling conditions of concrete elements. A
first idealization of a possible mechanism occurring during spalling has been described and
is shown in Fig.7.9;

• analytical and numerical research over the effect of the radiation coming from objects located
far away from the concrete element under consideration should be carried out. Currently the
temperature development of the fluid close to the concrete surface is the base over which
the fire curves are built upon. From the fluid, conductive, convective and radiative heat fluxes
transfer heat from the fluid to the concrete element as shown in Fig.4.20. This approach do not
considers the effect of the radiation coming from objects located in the tunnel that irradiate
a considerable amount of heat due to the high temperatures involved in a fire. As an example
the solid fuel material releases heat during its pyrolysis. In Fig.8.2 a representation of this
effect is shown.

8.2.2. RECOMMENDATIONS FOR PRACTICE

The following suggestions for the improvement of the engineering practice are given:

• in order to avoid spalling occurrence without protecting the concrete element surface, a PPFRC
concrete mix seems the only viable option able to achieve this goal. If partial spalling is con-
sidered acceptable, then NSC could be used. HSC shows thinner spalled slices and is more
prone to spall and therefore less obvious to include for the design process;

• the automotive industry should be made aware of the importance of the design of vehicles
which make use of materials and solutions limiting the heat of combustion of the materials
itself and the global HRR of the vehicle;

• as mentioned in Chap.3 the HRR is the most fundamental parameter determining the fire de-
velopment, but at the same time highly complicated to calculate and estimate due to its close
relation with many other parameters. In the current practice, the HRR is used as an input in
fire numerical simulations. Its magnitude is based upon analytical calculations or more often
full-scale experiments. It is in the view of the author that the use of a multi-step combus-
tion model, as showed in Fig.3.8, could lead to more reliable and tunnel specific HRR. Using
this model and introducing the appropriate material properties, the whole combustion prob-
lem could be modelled (solid fuel pyrolysis and fluid combustion) and the HRR obtained as
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an output. This type of simulations require more computational time compared to the ac-
tual procedure, but with both the constant improvements in the processors speed within the
computer industry and the improvements of the numerical models used to solve the equa-
tions behind the CFD calculations this problem could be overcomed in the near future.
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