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Abstract

Dealing with uncertainty is a constant work in the industry. Uncertainty can come
from the inherent variability of a phenomenon or a lack of knowledge. In general,
safety margins are taken in order to compensate the imprecision. However, it is
often difficult to know what proportion of the result is actually representing the
safety margin. The theory of possibility, first introduced by L. Zadeh, is a tool to
represent uncertainty on data. It consists in collecting data from several sources
and interpret them using fuzzy sets. An important step is also to reflect on the
confidence one can have in the information. Then the different data are combined
to get the most appropriate result. The aim of this work is to use this approach
to evaluate the time needed to evacuate galleries on a nuclear power plant site in
the event of a fire. This time is really dependent on human behaviour. Especially
on people pre-movement times and their walking speeds in emergency situations.
A comparison between the possibilistic methodology and the one usually used in
the industry is done. The possibilistic results support the fact that safety margins
are even higher than the ones calculated with the usual method. The new theory
is complementary to probabilistic and deterministic studies that are generally per-
formed in the nuclear field.

Key words: Theory of Possibility, Fuzzy sets, Data Fusion, Defuzzification, Fire
Safety.
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Introduction

Context

This Master Thesis has been carried out in the fire group of EDF (Electricité de
France), the electric utility company in France. This company is one of the leaders
of nuclear energy in Europe.

EDF is currently working on the conception of two European Pressurized Reactor
(EPR) units on the site of Hinkley Point C (HPC) in the United Kingdom. These
two 1,650 MW reactors will be built next to the existing Hinkley Point B nuclear
power station. Both power plants will be designed as standalone facilities with their
own Nuclear and Conventional Island facilities.

The fire department in which this Master Thesis was carried out is responsible
for the Fire Strategy of the Conventional Island (CI) and Balance of Plant (BOP)
buildings in the English project. These buildings participate in the electricity pro-
duction and the cooling process of the reactor. Fire strategy solutions are provided
to:

• Ensure nuclear safety:

– Protect the operation of non-redundant systems and equipment perform-
ing required safety functions against the effects of fire,

– Prevent the loss of safety equipment (due to the effects of fire), the failure
of which is not accounted for in the safety demonstration,

– Prevent the loss of equipment whose loss would lead to an hazardous
event, as far as possible.

• Protect people:

– Protect occupants from the effects of fire and allow their evacuation from
the building,

1
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– Allow on-site personnel and external fire fighters to safely undertake fire-
fighting activities with the provision of fire fighting and safety systems
and measures.

• Protect the investment: provide fire safety measures in-line with the insurer
recommendations (active protection for instance).

• Protect the environment by the implementation of drainage system and fire
protection measures for rooms with dangerous products.

For the French EPR, the elaboration of this fire strategy was mainly based on a
document called “ETC-F (EPR Technical Code for Fire protection)” produced by
EDF. This document sets out the requirements on the internal fire protection of
the technical buildings of a nuclear power plant. It forms the basis of the design,
construction and installation rules applied in France to the EPR plant units. For
application in the United Kingdom (UK), Bristish regulations were also to be con-
sidered to complete the fire strategy. Official British guidance, such as “BS 9999
(Bristish Standard) Code of practice for fire safety in the design, management and
use of buildings” [1], is considered by regulators to be “suitable” and “good prac-
tice”. Designs which do not fully comply with official guidance can be accepted
by regulators, but they must be demonstrated to keep risks ALARP (As Low As
Reasonably Practicable). “Reasonably practicable” represents the measures which
should be taken to reduce risks because the money, time and trouble of implement-
ing those measures is not grossly disproportionate to the risk averted.

The basic requirement for fire safety is that an equipment which forms part of a
system performing a safety function must be protected against the effects of a fire
in order to continue fulfilling its function. A fire must not lead to the loss of more
than one redundant system whose function is required for the plant to reach a safe
state. The principles of Defense-in-depth have been adapted to the fire risk. These
principles are as follows:

• Prevention (first level): it consists of a set of measures aiming at avoiding
the birth of a fire or making it improbable. For this purpose, non-flammable
or hardly inflammable materials are used for structures and fluids, as far as
it is technically reasonable: ignition sources are avoided, the cables used are
halogen free, etc...

• Sectorisation (second level): the geographical and/or physical separation of
systems is used to limit the extension of a fire and to prevent the impacts of
the fire on safety. All buildings are divided into fire compartments and/or
fire cells by fire resistant walls. The purpose is to separate redundant safety
trains and to provide protected escape routes for workers.

• Control (third level): it aims at providing means of detection and fixed means
of fire control as soon as possible. Fire detection is provided to alert operators
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of the presence of a fire and also to trigger automatic measures. In specific
areas, fire fighting protections are provided: the systems release water in order
to limit fire propagation. The first purpose of this system is not to extinguish
the fire but to control it.

This concept of defense-in-depth is expected to reduce the probability of fire ignition
and limit the effects of fire on the nuclear safety. All the principles participate in
demonstrating to NNB, the English utility, and the ONR, the English regulator,
that the plant is capable of handling a fire departure on the HPC site.

Description of the problem

On site, underground galleries will be built to route electrical cables and/or pipes
between the different buildings. The fire safety strategy that has been applied to
design the galleries has three main objectives:

• ensure nuclear safety: a fire shall not lead to the loss of more than one safety
train, which means that redundant pipes and cables must be routed in differ-
ent safety galleries.

• ensure personnel safety: provide safe escape routes, fire fighting equipment,
fire detection and fire alarm.

• ensure the availability of the unit: provide fixed fire fighting systems when
necessary (such as sprinkler systems for example), compartmentation between
buildings and galleries.

The galleries are underground spaces, consequently NNB and the ONR are very
concerned about safe escape from these buildings. During operation, there will not
be a lot of workers in the galleries but the number can increase during maintenance
and outage periods. As a result NNB asked for further studies to demonstrate that
people can safely escape in case of a fire in the galleries.

The current studies are based on the BS 7974 “Application of fire safety engineering
principles to the design of buildings” [2] which gives a way to calculate two different
escape times:

• ASET (Available Safe Escape Time): time at which tenability criteria for
human beings are exceeded in a specified space in the gallery. The tenability
criteria take into account the temperature, the visibility, the radiative heat
flux and the carbon monoxide concentration.

• RSET (Required Safe Escape Time): time it takes for people to evacuate the
gallery.
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It is considered that people can escape safely if ASET > RSET [2].

The RSET is based on a formula which will be described in the chapter 2. The
different parameters in the formula are defined in the BS 7974 [2]. The calculation
is done in a conservative way which means that margins are taken into consideration
in the figures given by the standard.

The subject

The standard that has been mentioned in the previous paragraph gives specific
numbers for the response time of people and their speed when they evacuate a
building. The problem that can be raised is that these figures depend a lot on
human behaviour in emergency situations. Uncertainties on these data are taken
into consideration by adding margins in the calculation. However when implement-
ing the method, the safety margin on the result remains unknown. Sometimes, it
appears that the RSET is quite close to the ASET. In this case, it may be quite
difficult to argue to the regulator that the risk is low.

The aim of this work is to demonstrate that the results obtained in calculating the
RSET integrates a safety margin and to try to quantify it. This study could help,
among other things, to find new arguments which could be presented to the regu-
lators. To do so, the purpose of the study is to find a method used in risk analysis
that can handle uncertainties and imprecision on data. Today, there is a real need
at EDF to investigate new tools for future studies or to support the ongoing ones.

The method that will be developed in this Master Thesis is based on the “Theory
of Possibility”. This theory will be explained in a first part and then applied to
the problem of evacuation from the galleries on the HPC site. In a third part, this
new approach will be compared to the method currently used by EDF. At the end
of this report, the results will be discussed.



Chapter 1

Methodology

1.1 Uncertainties and imprecision

In general, the data which are gathered to answer a problem are not perfect. They
are sometimes imprecise and uncertain. In this first part, some definitions will be
given as a basis of the following theory explanations. Imperfection on data can
come from [3]:

• uncertainties: they can result from a lack of information (epistemic uncer-
tainty) or a variability of the information (stochastic uncertainty). Uncer-
tainty is the lack of knowledge people has, compared to the reality.

• imprecision: they can be characterised by an error on the data. The impreci-
sion is directly related to the information.

Both aspects of imperfection on information coexist: generally, the more imprecise
the information is, the more certain it is and conversely.

The theory of possibility which will be developed in the following parts of this report
allows the use of imperfect data on problem solving. This means that information
from experts’ testimony can be used as data for a study.

For instance, concerning the age of a building: when an expert says “This building
is old”, how the word “old” can be interpreted? In this example, “old” is an impre-
cision on the age of the building but it is certain that the building was built a long
time ago. If the building is 100 years old, then one can consider that the building
is old, but can one consider that a building which is 98 years old is not “old”?

Since the late sixties, several theories have been developed in order to deal with
uncertainties and imprecision on data [4]:

5
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• the Evidence Theory, also called the Dempster-Shafer Theory,

• the Fuzzy Set Theory,

• the Theory of Possibility.

The basic principles of these theories will be explained in the following parts of the
report.

1.2 Possibilistic approach

1.2.1 History

The theory of evidence was first developed by Dempster in 1967 and then completed
by Shafer in 1976 [4]. The Dempster-Shafer theory is a mathematical theory. It
can be interpreted as a generalization of the probability theory. In the probability
theory, a probability is generally assigned to a singleton: for example the proba-
bility of the event E is 10−7. In the Dempster-Shafer theory, a probability can be
assigned to a set of events. It also allows the representation of imprecise data by a
set or an interval and the result is also represented by a set/interval. Moreover, a
degree of belief in the information can be assigned to the data.

In 1965, L. Zadeh introduced the Fuzzy Set Theory which is used to model impre-
cision on data. For example, this theory is useful to model expert thoughts. When
somebody says “The temperature is very high in this room”, the theory helps to
model literal expressions such as “very high” using fuzzy sets.

Then in 1978, L.Zadeh developed the Theory of Possibility based on the Fuzzy Set
Theory [5].

1.2.2 The different steps of the possibilistic method

The following sections describe the different steps used to deal with imprecise in-
formation.

Mathematical modelling of information using fuzzy subsets

The first step is to interpret the given information using a fuzzy set. First, some
definitions of fuzzy subsets need to be assessed.

Given A a fuzzy subset of the universe X. According to L. Zadeh [5], A can be
fully characterized by its membership function called µA. For each x, belonging to
X, is associated a real value µA(x) belonging to [0;1]. Then for each x, µA(x) can
be interpreted as the degree of membership of the element x in the fuzzy subset A.
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A fuzzy subset has several characteristics:

• height: it represents the maximum of the function µA(x) which is supposed
to be 1,

• support: Support(A) = {x ∈ X | µA(x) > 0},

• core: Core(A) = {x ∈ X | µA(x) = 1}.

The fuzzy subsets are used to give a mathematical interpretation of imprecise in-
formation. The table 1.1 gives examples of fuzzy subsets usually used in the theory
of possibility with their associated interpretation. The shape of the fuzzy subsets
can be much more precise, depending on the precision of the datum.

Shape Figure Characteristics Interpretation

Triangular
Support(A) = [20; 40]
Core(A) = {30} Around 30s

Trapezoidal
Support(A) = [20; 50]
Core(A) = [30; 40]

Approximatively
between 30s and

40s

Triangular
on the right

Support(A) = [0; 40]
Core(A) = [0; 30]

About before 30s

Triangular
on the left

Support(A) = [30; 60]
Core(A) = [40; 60]

About after 40s

Table 1.1. Example of fuzzy subsets with their possible interpretation.
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Example:

Given two pieces of information on the time of a given scenario:
“D1: it is around 50 minutes”
“D2: it is approximately between 45 and 65 minutes”

D1 can be transformed into a triangular fuzzy set with Support(D1) = [30; 70] and
Core(D1) = {50} as it can be seen on figure 1.1. D2 can be interpreted as a trape-
zoidal fuzzy set with Support(D2) = [35; 75] and Core(D2) = [45; 65] as it can be
seen on Figure 1.2.

Figure 1.1. Interpretation of D1 using
a triangular fuzzy set

Figure 1.2. Interpretation of D2 using
a trapezoidal fuzzy set

These data could have been interpreted differently. For example, D1 could have
been transformed into a fuzzy set with Support(D1) = [40; 60] and Core(D1) =
{50}. This interpretation would have been more precise. Actually, the interpre-
tation depends on the person who interprets the information and on the context
when the data were given.

Degree of belief of the information

The second step of the method is to assess the degree of confidence in the informa-
tion which has been interpreted in the previous step. The question is: How far can
one trust the information?

This degree of belief can depend, among other things, on:

• the data source: is the source coming from an experiment, a feedback from
experience, history?

• the author of the information: is this person known in the field of study? does
he have experience? is the information taken from a student’s work?

• the use of the data: is the data coherent with the study?
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The purpose at the end of this part is to assess a degree of belief, or in other words
the weight of the information. It will be a number between 0 and 1. There is no
defined method to get this degree of belief because it depends on the problem under
study. However, the way to obtain it must be really clear and remain the same for
the whole study.

In order to get this figure, it is important to define the different criteria which will
be evaluated and how they will be evaluated. In the study of the evacuation time
of the galleries, a grid will be created to evaluate the quality of the different data.

After this step, one has different data Di (with i from 1 to the total number of data
available), with their associated mass m(Di) which corresponds to the quality of Di.

Then the fuzzy set obtained for each Di is subdivided into several intervals. The
mass associated to each interval is then calculated. In this report it has been de-
cided to use the method presented by A. Talon [4] to calculate the mass of each
interval.

Example:

The data D1 and D2 from the previous example are used. The total interval
considered in this example is Θ = [30; 75].

In this example, it is considered that both data come from two different experts in
the field of study. It is also assumed that the expert giving D1 have more experience
than the expert who gave D2. The degrees of belief of both data can be assessed
arbitrarily as m(D1) = 0.8 and m(D2) = 0.7.

The information D1 can be divided into 4 intervals: I11 = [45; 55], I12 = [40; 60],
I13 = [35; 65] and I14 = [30; 70] shown in Figure 1.3. Each interval corresponds to
one value of the possibility which is called αi. Then the mass of each interval is
calculated as follows:

• m(I11) = m(D1)− α1 = 0.8− 0.6 = 0.2

• m(I12) = α1 − α2 = 0.6− 0.4 = 0.2

• m(I13) = α2 − α3 = 0.4− 0.2 = 0.2

• m(I14) = α3 − 0 = 0.2− 0 = 0.2
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Figure 1.3. Subdivision of the fuzzy
set D1 into several intervals

Figure 1.4. Subdivision of the fuzzy
set D2 into several intervals

In this example all the intervals have the same mass which means that one can have
the same degree of confidence in each interval but it is not always the case.

Finally
∑4

i=1m(Ii) = m(D1) = 0.8 and m(Θ) = 1−m(D1) = 1− 0.8 = 0.2

In a same way, D2 is subdivided into two intervals (refer to Figure 1.4): I21 =
[45; 65] with m(I21) = 0.35, I22 = [35; 75] with m(I22) = 0.35 and m(Θ) = 1−0.7 =
0.3.

Depending on the wanted precision of the result, the fuzzy set can be subdivided
in more or less intervals.

Data fusion

The data fusion step is based on the Dempster-Shafer theory[6]. It consists of com-
bining data from several sources to produce a new data which is expected to be
more reliable. The Dempster’s rule is used to combine two imprecise sources of
information.

Considering A the focal set represents the interval whose mass will be calculated, B
and C subsets from data 1 and 2 respectively andm1(B) andm2(C) their associated
mass, the Dempster’s rule can be written as follows [6]:

(m1 ⊕m2)(A) =

∑
B∩C=Am1(B)m2(C)

1−K
(1.1)

With K the normalization factor given by:

K =
∑

B∩C=0

m1(B)m2(C) (1.2)

However, this rule is not adapted when there is a large conflict between two data.
Two data are highly conflicting when the intersection between both data is empty
on a long interval. Consequently, J. Lair proposed an interpretation of this rule [7]:
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• if B ∩ C = A (with A = ∅) then (m1 ⊕m2)(A) = {empty set}

• if B ∩ C = A (with A 6= ∅) then (m1 ⊕m2)(A) = m1(B)×m2(C)

The conflict between two data can be calculated as follows [4]:

Conf(B,C) = ln

(
1

1−mc

)
(1.3)

With mc the mass associated to the empty set.

Example:

The table 1.2 describes the fusion between D1 and D2 using the Dempster’s rule
and the table 1.3 gives the results.

In this example there is no conflict between D1 and D2 because there is no mass
associated to the empty set.

D2

[45;65] [35;75] [30;75]
0.35 0.35 0.3

[45;55] [45;55] [45;55] [45;55]
0.2 0.07 0.07 0.06

[40;50] [45;50] [40;50] [40;50]
0.2 0.07 0.07 0.06

D1 [35;65] [45;65] [35;65] [35;65]
0.2 0.07 0.07 0.06

[30;70] [45;65] [35;70] [30;70]
0.2 0.07 0.07 0.06

[30;75] [45;65] [35;75] [30;75]
0.2 0.07 0.07 0.06

Table 1.2. Fusion of D1 and D2
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Interval Mass
[30;75] 0.06
[30;70] 0.06
[35;65] 0.13
[35;70] 0.07
[35;75] 0.07
[40;50] 0.13
[45;50] 0.07
[45;55] 0.2
[45;65] 0.21

Total 1

Table 1.3. Result of D1 ⊕D2

Defuzzification

At the end of the previous step, one obtained different intervals with their associated
mass, which represents the degree of belief of each interval. The defuzzification step
aims at converting fuzzy results into deterministic ones. A. Talon defines a first
function to compare the confidence in each interval at the end of the fusion [4], it
is called the “consensus”:

Cf (A) =
∑
B⊆Ω

m(B) (1.4)

With Ω the set of all possible intervals considered in the study. This function is
the sum of the masses associated to each resulting interval.

Philippe Smets created the Transferable Belief Model which is an interpretation
of the Dempster-Shafer model [8]. It is a tool used in decision making. Several
functions are defined by P. Smets.

The first function is the degree of belief of A which represents the total amount
of justified specific support given to A [8]:

bel(A) =
∑
∅6=B⊆A

m(B) (1.5)

The degree of belief of A is actually the minimum probability that must be assigned
to A because the equation 1.5 is the sum of all pertinent masses assigned to the
subsets B included in A.

The second one is the degree of plausibility of A which quantifies the maximum
amount of potential specific support that could be given to A [8]:
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pl(A) =
∑

B∩A 6=∅

m(B) (1.6)

In contrast to the degree of belief, the degree of plausibility is the maximum prob-
ability that could be assigned to A because here all pertinent masses assigned to
the subsets B which intersect with A are added up.

As a consequence, by calculating these two numbers, one can obtain an interval
in which the probability of A is included [8]. P. Smets also defines the pignistic
probability [8]:

BetP (A) =
∑
B⊆Ω

m(B)
| B ∩A |
| B |

(1.7)

With | B | the number of atoms in B and | B ∩ A | the number of atoms in the
intersection of B with A. This last function is to be used in decision making, it
allows to give a value to the probability of A.

To conclude, the degree of belief and the degree of plausibility are the upper and
lower bounds of the probability of A. As a result, a link can be made between these
three functions:

bel(A) ≤ BetP (A) ≤ pl(A) ∀A (1.8)

Example:

As a first step, the equation 1.4 is used to calculate the consensus, which represents
the total mass associated to subintervals from the result of fusion between D1

and D2. The result gives the figure 1.5. Using this figure, the highest consensus
corresponds to the interval [45;50].

Figure 1.5. Consensus resulting from D1 and D2 fusion

Then, the degrees of belief, of plausibility and the pignistic probability of this in-
terval can be calculated. First, the equation 1.5 allows to calculate the degree of
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belief, using the table 1.3.

bel(A = [45; 50]) = m([45; 50]) = 0.07

The degree of belief of this interval is quite low. Then, the degree of plausibility of
the interval [45;50] is calculated using the equation 1.6 and the table 1.3.

pl(A = [45; 50]) = m([30; 75])+m([30; 70])+m([35; 65])+m([35; 70])+m([35; 75])+
m([40; 50]) +m([45; 50]) +m([45; 55]) +m([45; 65]) = 1

On the contrary, the degree of plausibility is very high (at its maximum) which
means that there is no conflict between the data. Finally the pignistic probability
is found using the equation 1.7 and the table 1.3.

BetP (A = [45; 50]) = 6
46 ×m([30; 75]) + 6

41 ×m([30; 70]) + 6
31 ×m([35; 65]) + 6

36 ×
m([35; 70])+ 6

41 ×m([35; 75])+ 6
11 ×m([40; 50])+ 6

6 ×m([45; 50])+ 6
11 ×m([45; 55])+

6
21 ×m([45; 65]) = 6

46 × 0.06 + 6
41 × 0.06 + 6

31 × 0.13 + 6
36 × 0.07 + 6

41 × 0.07 + 6
11 ×

0.13 + 6
6 × 0.07 + 6

11 × 0.2 + 6
21 × 0.21 = 0.3737

In order to have a global vision of the distributions of the degrees of belief, of plau-
sibility and the pignistic probability, each one has been plotted as a function of the
time. This is given in Figure 1.6.

Figure 1.6. Distributions of the degree of belief, the pignistic probability and the
degree of plausibility as functions of the time

To conclude, the link between the three functions given in equation 1.8 is respected.
The degree of belief seems to be quite pessimistic and on the contrary, the degree of
plausibility seems to be quite optimistic. Finally the pignistic probability appears
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to be a more realistic result which must be quite close to the probability of the
scenario to last between 45 and 50 minutes.

1.3 Comparison between possibilistic and
probabilistic methods

It is important to make the distinction between “possibility” and “probability”.
“Possibility” is the ability of the event to occur whereas “probability” is the fre-
quency of occurrence of the event. The link between both approaches is quite
difficult to establish because a high degree of possibility does not imply a high de-
gree of probability and conversely a low degree of probability does not imply a low
degree of possibility. Nevertheless, if something is impossible then it is supposed to
be improbable [5]. For instance, the possibility that X wins the lottery today may
be high because X played today but the probability is really low because there is
only one winner and a lot of players.

In the nuclear field, Probabilistic Safety Analyses (PSA) are usually carried out
in addition to Deterministic Safety Analyses (DSA) [9]. The main objective of
DSA is to verify the capacity of barriers in defence-in-depth to prevent radiological
releases and to mitigate accidents if they occur. These deterministic analyses aim
at studying the plant response to postulated initiating events. As a complement,
PSA is used to estimate the likelihood of core damage (CD) and the consequences
of core melt accidents. It allows the identification of strengths and weaknesses of
the plant by identifying the sequence of events which could lead to core damage. In
order to estimate core damage frequency, one can build an event tree like the one
on Figure 1.7.

Figure 1.7. Event tree principle used in PSA [9]

The basic principle of this type of analysis is to assess the probability of failure of
each safety system or barrier to find the probability of occurrence of each sequence
of events. These probabilities must represent the reality as far as possible. In PSA,
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one probability is assigned to a singleton: the system failure. As a consequence, it
is quite difficult to take into account uncertainties. A lot of assumptions need to
be considered to carry out this analysis. Another shortcoming of PSA is the con-
sideration of human behaviour which is quite complex to include in the analyses [9].

Several scientists worked on the relationship between possibility theory and prob-
ability theory. Both theories are complementary and should not be seen as com-
petitive. D. Dubois and H. Prade wrote a lot of articles on mathematical trans-
formations between possibility and probability distributions [10] [11]. According to
L. Zadeh, a possibility degree can be viewed as an upper bound on a probability
degree [5]. As a consequence, the possibility method can be used as a first step as
the method is quite simple to implement. It can give a conservative value of the
probability needed.

The advantage of the possibilistic approach is that one can consider qualitative data
which may be imprecise: experts’ thoughts and linguistic answers for example. This
is very useful in problems in which the human factor have a significant impact.



Chapter 2

Evaluation of escape times

2.1 Description of the studied gallery

2.1.1 Layout of the gallery

As it was described in the introduction part, some of the buildings on the HPC
site are linked using galleries. A gallery is an underground tunnel which is used to
route electrical cables and/or pipes from one building to another. The Figure 2.1
shows the usual layout of a gallery.

Figure 2.1. Typical layout of a gallery

A gallery can also house air ducts for ventilation and fire fighting protections such
as sprinkler systems if there is a fire risk. The tunnels are typically 4m wide and

17
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3.5m high. Some of the galleries can be up to 300m long.

In the study, it is considered that few people are present in the galleries because
these tunnels are not used as personnel access routes. However, site workers will
perform routine visual inspections and also maintenance activities during mainte-
nance and outage periods.

Figure 2.2. Layout of the studied gallery

The studied gallery layout is given in Figure 2.2. This gallery makes the link be-
tween seven different buildings but not all the buildings are indicated in Figure 2.2.
As it can be seen on this figure, it is possible to evacuate the gallery through the
buildings B2, B3 and B4 and directly to the outside (green arrows). The gallery has
also connections with the buildings B1 and B5 to route pipes and electrical cables
but there is no personnel access. These two configurations are called “dead-ends”.
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According to the BS 9999 [1], a dead-end is a place from which escape is possible
in one direction only, or in directions less than 45o apart that are not separated by
fire-resisting construction. These configurations are quite dangerous for people be-
cause they have only one way to escape in the event of a fire. It is then the highest
risk to be considered in the evacuation plan. As a consequence these configurations
need to be avoided by providing alternative means of escape: escape shafts can be
built where necessary. An escape shaft is a stairwell making the link between the
gallery and the ground level. Nevertheless, location of escape shafts have to be
designed taking into account some requirements and constraints.

The first requirement is a security requirement. On the HPC site, there will be
High Security Areas (HSA) to prevent places from intrusion. As a consequence,
security doors, security fences and clearance zones need to be installed all around
the HSA. The installation of an escape shaft from one of the gallery (non HSA
zone) and arriving in one of these zones would have to be sized with high security
requirements. For example, a control entrance system would be necessary for this
escape shaft and special access would have to be given to the workers.

Another requirement is related to external and internal flooding. Indeed, some of
the interfaces between buildings and galleries must be closed with a concrete wall
to avoid flooding propagation. The interface can also have a watertight door which
is more difficult to implement and quite expensive. For example, a flooding cannot
affect more than one safety train in order to avoid a common mode.

There is also a safety requirement which says that interfaces between safety and
non safety classified buildings must be closed. This is to avoid contamination of
several buildings in case of radiological releases.

There is a final requirement concerning maintenance constraints. Indeed, some of
the buildings need to have space in their vicinity in order to handle big equipment.
As a result, it is not possible to build an escape shaft arriving to this type of place.

Concerning the studied gallery, there are two dead-ends (refer to red crosses in
Figure 2.2). The one close to building B5 is around 10 metres long which is quite
small comparing to the one near building B1 (around 40m long). Consequently,
the second one is considered to be the most unsafe. The interface between the
gallery and building B1 has been closed to protect the building from external and
internal flooding. Moreover this building is safety classified (HSA zone) and there
are maintenance areas all around it. Therefore, the installation of an escape shaft
next to this building would be quite difficult and very expensive as all the previous
requirements need to be respected.

As a reminder, the fire strategy has two main objectives. The first one is to protect
nuclear safety. This is done by not providing a personnel access at the interface
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between the gallery and the building B1. The interface is closed in order to prevent
flooding and to ensure safety and security separation. The second one is to protect
people. This objective is not ensured yet. A detailed study needs to demonstrate
that the dead-end configuration is acceptable in terms of people evacuation. This
is actually the reason why a deeper study has been carried out on the evacuation
of people from the gallery.

2.1.2 Evaluation of the fire risk

The first step in the assessment of the fire risk in a building is to evaluate the fire
load. The fire load corresponds to the quantity of heat that would be released by
the complete combustion of all the combustible materials in the volume [1].

The fire load in the galleries is mainly due to electrical cables that are routed be-
tween the buildings. Electrical cables are put in cable trays and the number of
cable trays defines the risk of fire in the gallery: the higher the number of cable
trays, the higher the fire load in the gallery. In the studied gallery, there will be 7
trays routed which represents a high fire load comparing to other galleries.

It is also important to determine what could be the ignition source of the fire,
in other words, what will start the fire. The following ignition sources have been
identified for the galleries:

• High voltage cable failure: a fire can be initiated by an electric arc or due to
the overheating of a high voltage wounded cable. Nevertheless, the cables used
on the HPC site have good properties against fire (they are fire retardant).
As a result, this source of ignition is considered to be unlikely.

• Arson: a person could start a fire on purpose. However, nuclear power plants
access is very restricted and controlled. The probability of this kind of fire
outbreak is really low.

• Hot work: during maintenance and outage periods, workers are sometimes
supposed to use hot devices such as welding equipment. These workers need
to have a permit to perform this kind of work but hot work is considered as
the main fire starting risk.

2.1.3 Description of the different evacuation scenarios

To carry out the study in a conservative way, the location of the fire outbreak must
be the most critical one in the gallery. Consequently, it has been decided to consider
that the fire would start at the beginning of the dead-end next to the building B1.
This location is shown in Figure 2.2.
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Then, three different scenarios are considered for the evacuation of people from this
gallery:

• Evacuation scenario 1: the evacuation starts near the fire, evacuation through
the building B4. To reach this exit, the horizontal travel distance is about
240m and the elevation at the exit is about 20m up.

• Evacuation scenario 2: the evacuation starts near the building B1 (in the
dead-end), evacuation through the building B3. To reach this exit, the hor-
izontal travel distance is about 40m and the elevation at the exit is about
5m up (the distance from the fire to the building B3 is not considered as
the dead-end part is actually the most important). This evacuation scenario
seems to be the most critical since people have to come back towards the fire
before reaching the exit in building B3.

• Evacuation scenario 3: the evacuation starts near the fire, evacuation through
the building B2. To reach this exit, the horizontal travel distance is about
100m and the elevation at the exit is less than 2m up (negligible).

The elevation at the exits corresponds to the height of the stairs to reach a safe
place.

In the following sections of the report, the evacuation times for these three scenarios
will be calculated using the EDF method and then using the possibilistic method.

2.2 EDF method

For the UK project, the method currently used is the one described in the BS 7974
and more precisely in the PD 7974 - Part 6 called “Human factors: Life safety
strategies - Occupant evacuation, behaviour and condition.” [12]. This second doc-
ument aims at providing engineering methods for the evaluation and management
of occupant behaviour during a fire emergency. It takes into account the ambient
conditions and especially the exposure of occupants to fire effluent and heat.

As it was said in the introduction of this report, the basic principle of the method
is to calculate two different times: the available safe escape time (ASET) and
the required safe escape time (RSET). The condition to be able to consider an
evacuation scenario as safe is that the ASET must be greater than the RSET.
There should be a safety margin between these two numbers which must take into
account the risk associated to the different potential fire accident scenarios and the
uncertainties linked to the evaluation of ASET and RSET. The following paragraphs
describe the method used to evaluate these two different times.
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2.2.1 Available Safe Escape Time ASET

As a reminder, the available safe escape time is the time at which tenability criteria
for human beings are exceeded in a specific space. These criteria are defined in the
PD 7974 - Part 6 [12]. A fire modelling is to be performed to ensure that none of
these criteria is reached before people have safely evacuated.

The tenability criteria that have to be determined at 2 meters above ground level
are as follows:

• temperature below 60oC,

• visibility above 10 m,

• radiative heat flux below 2.5 kW.m−2,

• CO concentration under 800 ppm.

These parameters depend on the fire load that has been discussed in section 2.1.2.

The fire modelling is then carried out in order to determine the time at which one
of the criteria is reached in the gallery. The computational code used to model the
fire is Fire Dynamic Simulator code (FDS) developed by the NIST institute [13].
This code is usually used for fire safety engineering applications. It permits 3D
modelling of fire and smoke behaviour. Different hypotheses are made to perform
the simulations in order to be consistent with the scenario that could occur in case
of fire in the gallery [14]:

• the entire volume of the gallery is considered accessible for smoke,

• the fire alarm is activated as soon as the first smoke detector triggers,

• the effect of fire protections, such as sprinklers, is not taken into account,

• normal ventilation conditions will be set in the gallery and stopped as soon
as the first smoke detector triggers,

• cables installed in a nuclear power plant are usually fire retardant (thermoset-
ting cables), nevertheless in the fire modelling they are thermoplastic cables
(the heat released is higher),

• cable trays, pipes and any other elements that could impact heat and smoke
propagation will be modelled.

To conclude on the fire modelling, it has been done based on industry good practice
and conservative assumptions.

Local measurement devices are set 2m above ground level in every part of the
gallery. These devices track temperature, visibility, radiative heat flux and CO
concentration as functions of the time. The results of the simulation will be pre-
sented in section 3.1.
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2.2.2 Required Safe Escape Time RSET

The RSET is the time from ignition of a fire to the complete evacuation of the
occupants of the building. As a consequence, this time depends on the time of
detection, the behaviour of people and the distance and geometry of the escape
route. The distance and geometry of the way to escape can easily be known using
the design of the building. The two other parameters are more difficult to evaluate.
The detection time depends on the ambient conditions in the building (tempera-
ture, humidity, etc...) and human behaviour depends on people physical conditions
and reactivity.

To simplify the calculations, the characterization and determination of people evac-
uation behaviour have been divided into two different times:

• the Pre-movement time: it corresponds to the response time of occupants
before they start moving towards the exit.

• the Travel time: it corresponds to the time taken to go from the place people
were when the fire was detected to the exit. This time depends mainly on the
occupants’ speed and their familiarity with the building.

These two times may be affected by ambient conditions: presence of smoke, heat
or fire effluent.

The equation to calculate the RSET can then be written as follows [2]:

RSET = ∆td + ∆tpre + ∆ttrav (2.1)

With
∆td the time from ignition of the fire to detection and general alarm (s),
∆tpre the pre-movement time (s),
∆ttrav the travel time (s).

The travel time ∆ttrav has been divided into two parts by EDF: the horizontal and
vertical travels. The equation 2.1 can then be written as follows:

RSET = ∆td + ∆tpre +
d

Vh
+
e× 1.5

Vv
(2.2)

With
∆td the time from ignition of the fire to detection and general alarm (s),
∆tpre the pre-movement time (s),
d the horizontal travel distance (m),
Vh the horizontal travel speed (m.s−1),
e the elevation (m),
Vv the vertical travel speed (m.s−1).
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The 1.5 factor in the equation 2.2 is used to convert the elevation into an actual
distance that would be travelled along the stairs. The parameters d and e depend
on the geometry of the escape route.

The values of the different parameters are chosen in a conservative approach and
always in accordance with the BS 7974 [2]. These values and their origins are indi-
cated in the table 2.1.

Parameter Value Reference
∆td 68s EDF report [14] (conservative value)

∆tpre 60s PD 7974-6 [12]
Vh 1m.s−1 PD 7974-6 [12] recommends 1.2m.s−1

Vv 0.7m.s−1 PD 7974-6 [12] (value for upwards travel)

Table 2.1. Values of the different parameters of the equation 2.2

2.3 Possibilistic method

In this section, the possibilistic method will be developed in order to find the times
for each evacuation scenario. The idea is to assess the different parameters of Equa-
tion 2.2 using this method in order to have more realistic values to calculate the
evacuation times.

2.3.1 Data collection

The first step in the use of this approach is to find data to solve the problem.
To be coherent with the evacuation scenarios described in section 2.1, only data
with the most appropriate hypotheses have been considered. In other words, the
context in which the data have been measured must be as close as possible to the
context of the galleries on a nuclear power plant site. Some of the assumptions are
remembered:

• location of occupants: people are located in the room of fire origin,

• fire strategy: the first action that people in the galleries have to do is evacuate
and they are supposed to know the building and the procedures to safely
evacuate,

• age of occupants: approximately between 18 and 55 years old without any
mobility impairment.
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Detection time ∆td

Concerning the detection time, it was not decided to use the possibilistic method in
order to find the most appropriate value. Indeed, detectors are installed in such a
way that a specific requirement on the time to detect a fire is fulfilled. For instance,
EDF sets a value: the fire needs to be detected within 68s. This is the value used in
the calculation of the RSET (refer to Table 2.1). Then the company responsible for
the detection system designs the system to respect this requirement. The company
can choose which material they will use and the distance between the detectors.
The smaller the distance between the detectors, the faster the fire will be detected.
Table 2.2 gathers values of the detection times for smoke detectors depending on
the space between them.

Smoke detector spacing
5m 9m 15m

Smoke detector threshold 37s 44s 68s

Table 2.2. Detection times as a function of detector spacing [14]

The value of 68s is the most pessimistic one. In some cases, where it is important to
warn people earlier for instance, the spacing between the detectors can be smaller.
In the dead-ends for example, a detector spacing of 5m is usually implemented to
increase escape margins. To remain conservative, only the 68s will be used.

Pre-movement time ∆tpre

As a reminder, the pre-movement time is the interval between the time at which
people have been warned about the detection of a fire and the time at which they
actually move towards the exit. This time is really dependent on the occupants’
behaviour. It is then quite difficult to describe this number mathematically. The
pre-movement time depends, among other things, on:

• the type of warning: a sound, a light, etc.,

• the occupant training: the more they are trained, the faster they will begin
to move,

• the location of people when the fire starts: in the room of fire origin or not,

• the fire evacuation strategy: some of the occupants may have a role in the
evacuation plan (warn other people, call the fire fighting team, etc.),

• the age of occupants and consequently their abilities to evacuate.
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As a result, the values found in the literature can be really different depending on
the study. As said before, it has been decided to take values with hypotheses quite
close to the evacuation scenarios studied in this report.

The first value of the pre-movement time has been found in a study concerning
seven real fires in shops and commercial buildings [15]. Probability distributions
of the pre-movement time of the occupants in the room of fire origin have been
measured. The result is that all the pre-movement times are 2 minutes or below.
Other conclusions indicate that the most probable pre-movement times are around
1 minute. The study outlines the fact that this time is actually higher when people
are located in another room than the room of fire origin [15].

The second study is about the evacuation of a building located at the University
of Greenwich [16]. The value that will be used in the following study concerns the
pre-movement time of staff members which have no role in the evacuation plan.
There were 5 persons corresponding to this description: the mean value of the pre-
movement time is 31.8s and the different times are taken values between 26s and
42s [16].

The third value has been found on a website which gathers pre-movement times
derived from actual fires and evacuation exercise reports [17]. The most appropri-
ate value for the study is the one which concerns a one-storey department store
with the following factors influencing the pre-movement time: unannounced drill,
trained staff and data collected from videos. The mean value of the pre-movement
times of 122 occupants is 0.5 min (30s) with a minimum of 0.07 min (4s) and a
maximum of 1.7 min (102s).

The last pre-movement time is the one used in EVAC and EXODUS simulations.
EVAC and EXODUS are both tools used to simulate evacuation of people from
a building. The advantage with these software programs is that they can take
into consideration human behaviour in case of emergency. For example, the pre-
movement time they consider is randomly taken in the interval [10; 100s] [18].

A summary of this data collection is given in Table 2.3. The fourth column of this
table indicates how the data have been transformed into fuzzy sets. This transfor-
mation tries to be as close as the literal expressions found in the documents quoted
before.
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Data Reference Description Interpretation

D1 [15]

2 minutes or below
with the most

probable values
around 1 minute

D2 [16]
Between 26s and
42s and with a

mean value of 32s

D3 [17]
Between 4s and
102s and with a

mean value of 30s

D4 [18]
randomly between

10s and 100s

Table 2.3. Synthesis table with the data considered for the evaluation of the pre-
movement time
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Walking speeds Vh and Vv

The walking speed of people depends, among other things, on the age of people,
their gender and their abilities. In the study, only workers will be in the galleries.
As a consequence, it is considered that there will be males and females, approxi-
mately between 18 and 55 years old and that they have no mobility impairment.
They are also expected to know the layout of the buildings.

One of the values taken for the study has been found in a paper presenting a
computer model called “SIMULEX” [19]. This computer program is used to simu-
late the escape movement of a large number of people through complex buildings.
Concerning the horizontal walking speeds, each person is assigned a random value
“between 0.8 and 1.7m.s−1. This is intended to represent a population that con-
tains an even distribution of males and females, with ages ranging from 12 to 55
years” [19].

The previous document concerning EVAC and EXODUS simulations gives also
walking speeds for males and females at different age intervals and for different
type of travel [18]. Table 2.4 gathers the useful information for horizontal and ver-
tical upward travels.

Category
Horizontal walking

speed (m.s−1)
Upward walking
speed (m.s−1)

male (17-29 years old) 1.2-1.5 0.67

male (30-50 years old) 1.2-1.5 0.63
female (17-29 years old) 1.2-1.5 0.635

female (30-50 years old) 1.2-1.5 0.59

Table 2.4. Values of the different walking speeds in the EXODUS software [18]

Another value for upwards walking speeds has been found in a paper gathering
different values from literature [20]. Only useful data from this study are gathered
in the table 2.5.

Category Average speed (m.s−1)
men between 30 and 50 years old 0.63

women between 30 and 50 years old 0.59

Table 2.5. Values of the different walking speeds upwards stairs [20]

The results of a third study dealing with walking speeds of pedestrians on stairs has
been used for this work [21]. This paper aims at demonstrating the relationship
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between walking speeds and the characteristics of people. The walking speeds
considered from this document are as follows [21]:

• Normally walking speed on a flat surface: 1.40± 0.17,

• Normally ascending speed: 0.56± 0.13.

Tables 2.6 and 2.7 summarize the values considered for the evaluation of the hori-
zontal and vertical walking speeds respectively. It describes also the interpretation
of the data in fuzzy sets.

Data Reference Description Interpretation

D5 [19]
random values

between 0.8 and
1.7m.s−1

D6 [18]
random values

between 1.2 and
1.5m.s−1

D7 [21] 1.40± 0.17m.s−1

Table 2.6. Synthesis table with the data considered for the evaluation of horizontal
walking speeds
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Data Reference Description Interpretation

D8 [18]
4 values are given:
0.59, 0.63, 0.635
and 0.67m.s−1

D9 [20]
2 average values:

0.59 and 0.63m.s−1

D10 [21] 0.56± 0.13m.s−1

Table 2.7. Synthesis table with the data considered for the evaluation of vertical
walking speeds

2.3.2 Evaluation of the Degree of belief

Creation of the evaluation grid

This part aims at determining how far one can believe in the data found in the
previous section. The different information considered in the study come from sev-
eral sources which have taken different hypotheses more or less close to the studied
evacuation scenarios of the galleries. As a consequence, different criteria will be
defined to evaluate the degree of belief for each datum. The idea is to create an
evaluation grid specific to the problem to assess the confidence in the datum.

Furthermore, it has been decided to give values (0, 1/3, 2/3 or 1) to each criterion
as it will be described below and then calculate the average of these numbers to get
the value of the degree of belief. As a result, the degree of belief will be a number
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between 0 and 1 as expected.

Criterion 1 - C1 - Modelisation

This first criterion is to evaluate the way used to collect the information: from real
fires, from experiments, from simulations, etc. Human behaviour is quite difficult to
model even if the simulation codes are more and more reliable. As a consequence,
it will be considered that data from real fires are the most reliable (C1 = 1). Then,
data from experiments can be considered as more reliable than data from a simula-
tion: as a result C1 will be equal to 2/3 if the data are taken from experiments and
1/3 if they come from simulations. If there is no information on the origin then C1

will take the value of 0.

Criterion 2 - C2 - Sample of fires

The higher the number of fires considered to get the datum, the higher the degree
of belief for this datum must be. Consequently, this second criterion is to take into
account the size of the sample of fires. The scale used for this criterion will be: very
high C2 = 1, high C2 = 2/3, small C2 = 1/3 and very small C2 = 0. This evalu-
ation is quite arbitrary but it will be done taking into account the same criterion
for the different data: “very high” will mean “very high compared to other data”.

Criterion 3 - C3 - Sample of people

This third criterion is the same as C2 but, in this case, the size of the population
is considered. The same scale as the one before will be used.

Criterion 4 - C4 - Compliance with the studied scenarios

This criterion is to compare the assumptions taken in the collected data and in the
evacuation scenarios of the gallery. If the hypotheses are close then the compliance
is very high C4 = 1. Then the scale is: high C4 = 2/3, low C4 = 1/3 and very low
C4 = 0. The following points are a non-exhaustive list of elements to be considered
to evaluate this criterion:

• Type of building in which the fire occurred,

• People age and abilities (as a reminder, in the galleries, people are expected
to be between 18 and 55 years old without any impairment),

• Context (the different factors that could influence people),

• Training (workers in the galleries are supposed to know the building and the
evacuation procedures).
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Criterion 5 - C5 - Reliability of the source

This criterion must take into consideration two things: the reliability of the au-
thor(s) (their experience, their studies, etc.) and the reliability of the document
itself (if it was published in a scientific journal, an unknown website, etc.). The
same scale as the one used for the criterion C4 will be used.

Criterion 6 - C6 - Accuracy of the fuzzy transformation

This last criterion is to include the error associated to the transformation of the
datum into a fuzzy set. Depending on the literal expression found in the documents
it is more or less easy to interpret it. The accuracy will be evaluated as very high
C6 = 1, high C6 = 2/3, low C6 = 1/3 or very low C6 = 0.

The different criteria and their associated values are summarized in Table 2.8.

Values
Criteria 1 2/3 1/3 0

C1 - Modelisation real fire experiment simulation unknown
C2 - Sample of fires very high high small very small
C3 - Sample of people very high high small very small

C4 - Compliance with the
studied scenarios

very high high low very low

C5 - Reliability of the
source

very high high low very low

C6 - Accuracy of the
fuzzy transformation

very high high low very low

Table 2.8. Evaluation grid for the assessment of the degree of belief

Determination of the degree of belief for the pre-movement time

The first datum D1 has been taken from a study which aims at determining fire
growth, detection times and pre-movement times [15]. The work is based on data
from a real fire database. Table 2.9 describes how the degree of belief for D1 has
been calculated.
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Values Comments

Criteria

C1 1 Data from real fires are used.
C2 1 Seven fires are considered.

C3 2/3
The number of people considered for the eval-
uation of the pre-movement time is 16.

C4 1/3

The fires occurred in shops and commercial
premises. There is no information on people
age and disabilities which represents a lack of
information. Moreover, the study shows that
pre-movement times vary significantly from
fire to fire. Only data concerning people from
the room of fire origin are considered (the time
is higher for people in another room).

C5 1

There are 6 authors who are scientists and en-
gineers from universities and fire authorities.
As a result, it is expected that they all know
quite well the fire fields. This document was
published by the International Association for
Fire Safety Science.

C6 1/3

The datum is not really accurate as only the
results are given (the authors do not give the
data they used to have these results), so this
is quite difficult to interpret. Compared to
the other data, the interpretation of D1 is the
most subjective.

Degree
of belief

m(D1) 0.72

Table 2.9. Degree of belief evaluation for D1

The second datum D2 was taken from a work which aimed at collecting pre-
evacuation times from evacuations involving a Hospital and a University. Only
data from the evacuation of the University were considered as people in the gal-
leries should not have any impairment. The pre-movement time considered in the
study is the interval from the sounding of the alarm to the time at which occu-
pants initiated their evacuation. In the university, the evacuation procedure is as
follows: once the alarm sounded, nominated and trained staff members swept each
of the rooms, forcing students to leave their work and inform them of the route
they should follow.
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The evaluation of the degree of belief for D2 is summarized in Table 2.10.

Values Comments

Criteria

C1 2/3
This is an experiment (unannounced fire drill).
The data used in the study were gathered by
62 cameras located throughout the building.

C2 1/3 The experiment is based on only one drill.

C3 1/3

The population consisted in staff members and
students. Staff members are supposed to know
better the building and the evacuation pro-
cedures. As a consequence, it has been de-
cided to only use data from staff members.
There were 19 staff members but only five
of them did not have any role in the evacua-
tion. Having a role in the evacuation highly in-
creases the pre-movement time as actions have
to be undertaken before escaping. As a con-
sequence, D2 corresponds to pre-movement
times of these 5 staff members.

C4 2/3
The drill took place in a University. Only data
from staff members who did not have any role
in the evacuation plan are used.

C5 1

There are 4 authors working in the University
of Greenwich in the Fire Safety Engineering
group. The document was published by the
International Association for Fire Safety Sci-
ence.

C6 1

Different values are given: the minimum, the
maximum and the average values. The trian-
gular fuzzy set represents quite well the distri-
bution of D2.

Degree
of belief

m(D2) 0.67

Table 2.10. Degree of belief evaluation for D2

The third value D3 has been found on a website [17] which gathers 34 results of
pre-movement times derived from actual fires and evacuation exercises. For each
datum, there is the type of building, the number of persons present when the fire
ignited, the minimum, maximum and mean values of pre-movement time. One can
also have the different factors influencing this time like staff training, alarm type,
etc.
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The evaluation of the degree of belief for D3 is given in Table 2.11.

Values Comments

Criteria

C1 2/3
D3 derives from an unannounced drill.
There were videos used to evaluate the pre-
movement times of people.

C2 1/3
Only one fire was considered to get this value
of pre-movement time.

C3 1
There were 122 people involved in the evacu-
ation exercise.

C4 1/3
People are considered to be trained staff but
there is no information on their age. There is
few information on the context of the fire.

C5 2/3

There is a document in reference on the web-
site but this document is not easily accessi-
ble. It is written by 2 authors, one from the
National Fire Protection Association (USA)
and the other one from the National Research
Council of Canada. Moreover the names of
the authors are often found in documents re-
lating to research on human behaviour in case
of fire emergency.

C6 1

As said before, different values are given: the
minimum, the maximum and the average.
The triangular fuzzy set seems to represent
quite well the distribution of D3.

Degree
of belief

m(D3) 0.67

Table 2.11. Degree of belief evaluation for D3

The fourth value of pre-movement time D4 has been found in a paper dealing with
software programs used in evacuation and human behaviour simulations in case of
fire emergency. The purpose of this document is to describe the different codes
and to compare them. There are 3 software programs considered: SEVE-P, EVAC
and EXODUS. For SEVE-P the pre-movement is supposed to be 0s which does
not really reflect reality. EVAC and EXODUS use a random value between 10 and
100s. One can refer to Table 2.12 to have more details on the evaluation of the
degree of belief for D4.
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Values Comments

Criteria

C1 1/3
D4 is used in simulations of human behaviour
in case of fire incident.

C2 2/3
The same distribution of pre-movement time
is used in 2 different software programs.

C3 X
This criterion is not adapted because there is
no specific simulation performed.

C4 X
This criterion is not adapted because there is
no specific simulation performed.

C5 1/3

EVAC code is used as a complement to FDS
used in the fire modelling described in the pre-
vious parts of the report. It has been devel-
oped at VTT Technical Research Centre in
Finland [22]. EXODUS simulation software
has been developed by the Fire Safety Engi-
neering group at the University of Greenwich.
It is used for simulation and pedestrian dy-
namics analysis in several fields like maritime,
rail and aircraft environments [23]. The dis-
tribution chosen is not the only one, different
pre-movement times can be used for the sim-
ulations.

C6 1
D4 is modelled by a uniform distribution
which seems to be the most appropriate in this
case.

Degree
of belief

m(D4) 0.58

Table 2.12. Degree of belief evaluation for D4

Determination of the degree of belief for the walking speeds

The previous evaluation grid (Table 2.8) needs to be adapted in this part. Indeed,
most of the data found in the literature are values used in simulations. This is the
case of D5, D6 and D8. As a consequence, the criteria C2 and C3 are not adapted
for these data: there is no specific simulation carried out. Only the other criteria
are still relevant for the study and only these ones will participate in the evaluation
of the degree of belief for the walking speeds.

The first horizontal walking speed has been found in a paper dealing with a com-
puter model called SIMULEX [19]. This computer code is used to simulate the
escape movement of people through complex buildings. Table 2.13 describes how
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the degree of belief of D5 has been evaluated.

Values Comments

Criteria

C1 1/3
D5 is used in simulations in case of fire emer-
gency.

C4 1

The population considered in the simulation
is: even distribution of males and females from
12 to 55 years old. This is quite close to the
description of people supposed to be present
in the galleries.

C5 1

The paper has been published in the Fire
Safety Journal by Elsevier [19]. There are
2 authors from the Fire Safety Engineering
group in the University of Edinburgh. Both
are then specialized in fire scenarios.

C6 1

D5 is a random value to be taken between 0.8
and 1.7m.s−1. Consequently a uniform distri-
bution seems to be quite appropriate in this
case.

Degree
of belief

m(D5) 0.83

Table 2.13. Degree of belief evaluation for D5

D6 and D8 have been found in the same document as D4 [18]. Only data used
in the EXODUS simulation code are considered. The evaluation of the degree of
belief will be quite close to the one in Table 2.12. Nevertheless, it is not exactly the
same as the evaluation is done in comparison with the other data of walking speeds.
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Values Comments

Criteria

C1 1/3
D6 and D8 are used in simulations of human
behaviour in case of fire incident.

C4 1
Men and women between 17 and 50 years old
are considered.

C5 1/3

EXODUS simulation software has been devel-
oped by the Fire Safety Engineering group at
the University of Greenwich. It is used for
simulation and pedestrian dynamics analysis
in several fields like maritime, rail and aircraft
environments [23].

C6
1 (D6)

1/3 (D8)

Concerning D6, a uniform distribution seems
to be appropriate as a random value is at-
tributed to each person. Concerning D8, four
values are given depending on the age of peo-
ple (Refer to Table 2.4). It has been decided to
have a trapezoidal distribution with the max-
imum and minimum values at more or less
0.10m from the highest and lowest values of
the vertical walking speeds.

Degree m(D6) 0.66
of belief m(D8) 0.58

Table 2.14. Degree of belief evaluation for D6 and D8

D7 and D10 are two data taken from a study dealing with walking speeds of pedes-
trians on stairs. In this work, two study groups were compared [21]:

• Group 1: 18 elderly people (between 60 and 81 years old, 6 men and 12
women) without any mobility impairment,

• Group 2: 15 healthy people from 25 to 60 years old (7 men and 8 women).

Only data from group 2 were considered as it is more appropriate for the study.
In this experiment, people were asked to ascend/descend the stairs in normal or
fast speed. As a consequence, there was no situation of emergency. The results for
fast walk are quite high and not really coherent with the other values found in the
literature. This is probably due to the fact that people were asked to do something,
their movements are thus biased. As a consequence, only data for normal walking
speed will be considered.

Moreover, different slopes of the stairs were compared. Stairs with a slope of 35
degrees have been chosen since this is the steepest stair-gradient in the UK building
regulations [21].



2.3. Possibilistic method 39

Table 2.15 gathers the information used in the evaluation of the degree of confi-
dence in both D7 and D10 as they come from the same document.

Values Comments

Criteria

C1 2/3

The data result from an experiment in which
people were asked to walk fast or not in the
stairs or on a plane surface. Consequently, it
cannot be considered as a real scenario.

C4 1
People are supposed to be healthy and be-
tween 25 and 60 years old.

C5 1/3

The study has been written by one student
and his professor of civil engineering at the
University College of London. Nevertheless,
this paper does not seem to have been pub-
lished in a journal.

C6 1
The values in the study are quite accurate
1.40 ± 0.17 and 0.56 ± 0.13. They have been
interpreted as triangular fuzzy sets.

Degree m(D7) 0.75
of belief m(D10) 0.75

Table 2.15. Degree of belief evaluation for D7 and D10

The last datum D9 has been found in a specific study on ascending stair evacuation
[20]. Table 2.16 summarizes the information used to evaluate the degree of belief
of D9.
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Values Comments

Criteria

C1 0
There is no information on how the values
have been measured. They have been taken
in the literature.

C4 2/3
Men and women between 30 and 50 years old
are considered. This range is quite limited
compared to the other data.

C5 1

The three authors of this paper published in
ScienceDirect by Elsevier are specialized in
Fire Safety Engineering. This work has been
presented at the Conference on Pedestrian and
Evacuation Dynamics 2014 [20].

C6 2/3

D9 is composed of two average values for men
and women speeds. It has been chosen to use
a trapezoidal distribution these values as the
maximum and minimum of the core of the
function.

Degree
of belief

m(D9) 0.58

Table 2.16. Degree of belief evaluation for D9

2.3.3 Data fusion

At this stage, one has fuzzy sets coming from the different data found in the liter-
ature and their associated degree of belief. In order to combine the data, the fuzzy
sets need to be subdivided into subintervals as it was described in the section 1.2
of this report. Depending on the wanted precision for the results, the subdivision
can be more or less precise.

Pre-movement time

Concerning the pre-movement time, the maximum interval to be considered is
Θ = [4; 120]. It has been decided to have a precision of 2 seconds on the value
of pre-movement time. Figures 2.3, 2.5, 2.7 and 2.9 show the subdivision of the
intervals.

The mass of each subinterval has been calculated following the method described
in the section 1.2 and is given in the associated tables.
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Figure 2.3. Subdivision of D1 fuzzy set
into smaller intervals

Interval Mass

[28;120] 0.07

[26;120] 0.07

[24;120] 0.08

[22;120] 0.07

[20;120] 0.07

[18;120] 0.07

[16;120] 0.07

[14;120] 0.08

[12;120] 0.07

[10;120] 0.07

Θ 0.28

Figure 2.4. D1 Intervals with their as-
sociated masses

Figure 2.5. Subdivision of D2 fuzzy set
into smaller intervals

Interval Mass

[30;35] 0.22

[28;39] 0.23

[26;42] 0.22

Θ 0.33

Figure 2.6. D2 Intervals with their as-
sociated masses

Given these information, data fusion between D1, D2, D3 and D4 can be performed.
In a first step, D1 and D2 will be combined, giving the result (D1 ⊕ D2). Then
(D1 ⊕D2) will be combined with D3 giving the result ((D1 ⊕D2) ⊕D3). Finally
((D1 ⊕ D2) ⊕ D3) will be combined with D4 giving the final result of the data
fusion for the pre-movement time ((D1 ⊕ D2) ⊕ D3) ⊕ D4). The results and the
defuzzification step are presented in section 3.1.
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Figure 2.7. Subdivision of D3 fuzzy set
into smaller intervals

Interval Mass

[28;35] 0.05

[26;41] 0.05

[24;47] 0.05

[22;52] 0.06

[20;58] 0.05

[18;63] 0.05

[16;69] 0.05

[14;74] 0.05

[12;80] 0.05

[10;85] 0.06

[8;91] 0.05

[6;97] 0.05

[4;102] 0.05

Θ 0.33

Figure 2.8. D3 Intervals with their as-
sociated masses

Figure 2.9. Subdivision of D4 fuzzy set
into smaller intervals

Interval Mass

[10;100] 0.58

Θ 0.42

Figure 2.10. D4 Intervals with their
associated masses

Walking speed

For the horizontal speed, the total interval to be considered is Θ = [0.8; 1.7]. Fig-
ures 2.11, 2.13 and 2.15 show the subdivision of each fuzzy set to be used in data
fusion.
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Figure 2.11. Subdivision of D5 fuzzy
set into smaller intervals

Interval Mass

Θ = [0.8; 1.7] 0.83

Figure 2.12. D5 Intervals with their
associated masses

Figure 2.13. Subdivision of D6 fuzzy
set into smaller intervals

Interval Mass

[1.2;1.5] 0.66

Θ 0.34

Figure 2.14. D6 Intervals with their
associated masses

Figure 2.15. Subdivision of D7 fuzzy
set into smaller intervals

Interval Mass

[1.38;1.42] 0.09

[1.36;1.44] 0.09
[1.34;1.46] 0.08

[1.32;1.48] 0.09
[1.30;1.50] 0.09

[1.28;1.52] 0.09

[1.26;1.54] 0.09

[1.24;1.56] 0.09

[1.23;1.57] 0.04

Θ 0.25

Figure 2.16. D7 Intervals with their
associated masses



44 Chapter 2. Evaluation of escape times

Concerning the vertical walking speed, the widest interval to be considered is
Θ = [0.43; 0.77]. The subdivisions of the different fuzzy sets are described in Fig-
ures 2.17, 2.19 and 2.21.

Figure 2.17. Subdivision of D8 fuzzy
set into smaller intervals

Interval Mass

[0.57;0.69] 0.12

[0.55;0.71] 0.11

[0.53;0.73] 0.12

[0.51;0.75] 0.11

[0.49;0.77] 0.12

Θ 0.42

Figure 2.18. D8 Intervals with their
associated masses

Figure 2.19. Subdivision of D9 fuzzy
set into smaller intervals

Interval Mass

[0.57;0.65] 0.12

[0.55;0.67] 0.11

[0.53;0.69] 0.12

[0.51;0.71] 0.11

[0.49;0.73] 0.12

Θ 0.42

Figure 2.20. D9 Intervals with their
associated masses
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Figure 2.21. Subdivision of D10 fuzzy
set into smaller intervals

Interval Mass

[0.55;0.57] 0.06

[0.53;0.59] 0.11

[0.51;0.61] 0.12

[0.49;0.63] 0.11

[0.47;0.65] 0.12

[0.45;0.67] 0.11
[0.43;0.69] 0.12

Θ 0.25

Figure 2.22. D10 Intervals with their
associated masses

The same method used for pre-movement data fusion will be applied for horizontal
and vertical walking speed. The results and the defuzzification step will be detailed
in section 3.1.
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Chapter 3

Results and discussion

3.1 Results

3.1.1 ASET simulation results

Views of smoke propagation in the gallery can be extracted from the simulations
(refer to Appendix 1) such as the temperature levels (refer to Appendix 2). The
results for the different tenability criteria will be developed in order to find the
criterion that will be decisive in the ASET evaluation.

Temperature

As a reminder, the temperature in the gallery must remain below 60oC until people
safely escaped.

The Figure 3.2 shows the repartition of the sensors in the part of the gallery lo-
cated near building B2. The different curves in the Figure 3.1 corresponds to the
temperatures recorded by the sensors. The color of the curves corresponds to the
color of the associated sensors. The thick red line represents the tenability limit at
60oC. In a similar way, the Figure 3.3 represents the evolutions of the temperatures
in the dead-end part of the studied gallery (near building B1).

These figures show that the tenability criteria of 60oC is only reached after 600s
in every part of the gallery except for the two sensors located just next to the fire
where the criteria is reached at approximately 420s.

47
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Figure 3.1. Evolution of the tempera-
ture in the gallery near building B2

Figure 3.2. Part of the gallery near
buiding B2 with the place of the sensors

Figure 3.3. Evolution of the temperature in the dead-end part of the gallery (near
building B1)

Radiative Heat Flux

As it was said before, the radiative heat flux is considered acceptable for people if
it remains below 2.5 kW.m−2.
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Figure 3.4 shows the curves of the radiative heat flux recorded from the sensors
near the fire and the buildings B1 and B2. Only the most critical curves have been
plotted.

Figure 3.4. Evolution of the radiative heat flux in the gallery

The result of this simulation is that the critical radiative heat flux of 2.5 kW.m−2

is only reached near the fire and after 500s.

CO concentration

As a reminder, CO concentration must remain under 800 ppm. It corresponds to
the tenability limit exposure concentration of asphyxiating gases expressed as car-
bon monoxide for five minutes. The CO2 concentration was actually measured and
it was considered that the ratio between CO2 and CO concentrations is equal to
10. As a consequence, the limit to consider is 0.8 volume % for CO2 concentration.

According to Figure 3.5, the critical CO2 concentration is not reached during the
simulation time.
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Figure 3.5. Evolution of CO2 concentration

Visibility

As it was said before, the visibility of people who evacuate should remain above
10m.

Views of the evolution of the visibility in the gallery extracted from the simulation
are given in Appendix 3. A similarity between these views and the ones for smoke
propagation (Appendix 1) can be observed as visibility is directly linked to smoke
propagation.

The Figures 3.6, 3.8, 3.10 shows the curves of the visibility evolution in the studied
gallery. As it can be seen on these figures, the visibility falls rapidly under 10m.
The most critical curves are the ones corresponding to the sensors just next to the
fire. The visibility criterion is the most penalizing one in these fire scenarios as
there is a brutal drop in visibility with smoke propagation. As the consequence it
is the one to consider to evaluate the ASET.

Considering Figure 3.6, near the fire, the visibility falls under 10m in around 200s
which means that people have 200s to begin to move towards the exit. As a result,
the sum of the detection time ∆td and the pre-movement time ∆tpre from Equa-
tion 2.2 must be lower than 200s. It is also important to note that, according to
simulation results, the smoke propagation is actually quite low: less than 0.5m.s−1

in the main part of the gallery which is supposed to be much lower than the travel
speed of people. As a consequence, the times to be considered as the ASET times
will be taken approximately in the middle of the travel considered in the scenario.
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Figure 3.6. Evolution of the visibility in the
whole gallery

Figure 3.7. Gallery with the cor-
responding colors of the sensors

For the evacuation scenario 1, the time to be considered as the ASET is 577s corre-
sponding to the time at which the visibility criterion is reached at the blue sensor on
Figure 3.6. According to Figure 3.8, on B2 side, the tenability criterion is reached
at 190s for the sensors located very close to the fire, at 500s in the corner and at
770s near building B2. According to Figure 3.10, the visibility falls below 10m at
217s near the fire (red sensor) and at 320s at the farthest point in the dead-end
(orange sensor). This is the most critical case because if people are in the dead-end
part of the gallery, they must walk towards the fire and then escape in another part
of the gallery. Consequently, they have 217s to travel the distance in the dead-end
part.

The table 3.1 gathers the results concerning ASET times to be considered for each
scenario.
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Figure 3.8. Evolution of the visibility in the
gallery near building B2

Figure 3.9. Part of the gallery
near to buiding B2 with the corre-
sponding colors of the sensors

Figure 3.10. Evolution of the visibility
in the dead-end of the studied gallery (near
building B1)

Figure 3.11. Dead-end part of the
gallery with the corresponding col-
ors of the sensors

Scenario ASET
1 577s
2 217s
3 500s

Table 3.1. ASET values to be considered for the three studied scenarios
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3.1.2 RSET calculation results

Using Equation 2.2, the data given in table 2.1 and the horizontal and vertical
travel distances given in section 2.1, RSET can be calculated for each evacuation
scenario. The results are gathered in Table 3.2.

Scenario d (horizontal travel distance) e (vertical travel distance) RSET
1 240m 20m 411s
2 40m 5m 179s
3 100m 0m 228s

Table 3.2. RSET values for the three studied scenarios using equation 2.2

3.1.3 Possibilistic results

Pre-movement time result

The fusion calculations are not detailed in the report. Nevertheless, Table 5.1 (Ap-
pendix 4) summarizes the results of ((D1⊕D2)⊕D3)⊕D4) giving all the intervals
considered with their associated resulting mass. As expected, the sum of all the
masses is equal to 1. There is no mass associated to the empty set which means
that there is no conflict between the four data.

Using Equation 1.4, the consensus can be calculated. It is represented in Figure
3.12. According to this figure, the interval [30s; 35s] gathers the highest consensus
value.

Figure 3.12. Concensus on the pre-movement time

Then, Equations 1.5, 1.6 and 1.7 are used to calculate the distributions of the degree
of belief, the degree of plausibility and the pignistic probability. The distributions
of these three functions have been plotted and are gathered in Figure 3.13. The cal-
culations of these three functions have been done considering intervals of 5 seconds.
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To be more accurate, the interval to be considered should be less than 5 seconds
but it is not relevant in the study as the width of the interval which gathers the
highest consensus is 5 seconds.

On figure 3.13, one can see that the belief distribution and the plausibility dis-
tribution are respectively the lower and upper limits of the pignistic probability
distribution. Furthermore, it confirms that the most probable interval for the pre-
movement time is [30s; 35s] with a pignistic probability of 0.47.

Figure 3.13. Distributions of the degree of belief, the degree of plausibility and the
pignistic probability for the pre-movement time

Horizontal walking speed result

Figure 3.14 concludes on the results of the fusion (D5 ⊕ D6) ⊕ D7) given in Ap-
pendix 4 (Table 5.2). Concerning the horizontal pre-movement time, the interval
which gathers the highest consensus is [1.38m.s−1; 1.42m.s−1].

Figure 3.14. Concensus on the horizontal walking speed

Figure 3.15 illustrates the distributions of the degree of belief, the degree of plausi-
bility and the pignistic probability for each interval of the horizontal walking speed.
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These plots have been realized considering intervals of 0.04m.s−1. According to this
figure, the interval [1.38m.s−1; 1.42m.s−1] has a pignistic probability of 0.31.

Figure 3.15. Distributions of the degree of belief, the degree of plausibility and the
pignistic probability for the horizontal walking speed

Vertical walking speed result

Regarding the vertical walking speed, the results of the fusion (D8 ⊕ D9) ⊕ D10)
are summarized in Table 5.3 in Appendix 4. The figure 3.16 outlines the fact that
one value gathers the highest consensus. This value is 0.57m.s−1.

Figure 3.16. Concensus on the vertical walking speed

Curves of the degree of belief, the degree of plausibility and the pignistic probability
are shown in Figure 3.17. The accuracy chosen for the vertical speed is 0.02m.s−1.
According to Figure 3.17, the highest pignistic probability is 0.27 and it is assigned
to the interval [0.57m.s−1; 0.59m.s−1].
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Figure 3.17. Distributions of the degree of belief, the degree of plausibility and the
pignistic probability for the vertical walking speed

Possibilistic evacuation times

To conclude, the values adopted to calculate the evacuation time of each scenario
are chosen in a conservative way. Indeed, the upper or the lower limit of the intervals
found previously is selected depending on which one is the most critical. The final
values to be considered are as follows:

• Pre-movement time: ∆tpre = 35s,

• Horizontal walking speed: Vh = 1.38m.s−1,

• Vertical walking speed: Vv = 0.57m.s−1.

Finally, the time needed to evacuate is calculated using Equation 2.2 of the RSET
time with the new values of ∆tpre, Vh and Vv. The detection time remains the
same as the one used in the RSET calculations (68s). Table 3.3 summarizes the
results on the evacuation time. As a reminder, d is the horizontal travel distance
and e is the vertical travel distance.

Scenario d e Evacuation time
1 240m 20m 330s
2 40m 5m 145s
3 100m 0m 175s

Table 3.3. Evacuation times for each scenario calculated with data from the possi-
bilistic method

3.2 Discussion

In this part, the results obtained using the different methods will be compared and
discussed.
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As a first step, it is important to compare the value of the parameters ∆tpre, Vh
and Vv obtained with the possibilistic method and the ones that can be found in
the British regulations (BS 7974 [2]). First, in the BS 7974, the pre-movement
time that must be used is 60s compared to the 35s derived from the method of
possibility. One minute is quite high because it means that, if an alarm sounds,
people will wait one minute before moving towards the exit. The persons present in
the galleries are supposed to be trained to safely escape in the event of a fire: they
know that the first thing they need to do is to evacuate. In the literature, values
of pre-movement time can be much higher. This is probably due to the fact that
people wait before taking the decision to evacuate or not. In general, they wonder
if it is a fire drill or not. The pre-movement time depends also a lot on the location
of people: if they are in the room of fire or not. If they are not in the room of fire,
the pre-movement time is longer as people cannot see the fire, they need to analyse
the situation and think about the way to exit. The Bristish regualtions that are
taken into account in fire analysis are not specific to nuclear sites. They deal with
all buildings housing people. In a nuclear power plant site, people are aware of the
risk if a fire starts. In this case, the decision to evacuate is expected to be really
fast. In conclusion, it does not seem to be incoherent to have a lower value of the
pre-movement time compared to the one written in the British Standards.

The horizontal walking speed recommended in BS 7974 is 1.2m.s−1 [12]. EDF
chose to take 1m.s−1, whereas the value obtained using the method of possibility
is 1.38m.s−1. This value is slightly higher than the one in the regulations. It is not
surprising as the British Standards must be conservative and consider a wide range
of people. Nevertheless, it would not be incoherent to take a higher value because
in the galleries, only able-bodied people are supposed to be present since they are
at their workplace.

Concerning the vertical walking speed, the BS 7974 recommends 0.7m.s−1 [12].
The result from the theory of possibility is that the most probable vertical walking
speed is 0.57m.s−1. These values are quite close but it is surprising to find a lower
value of the speed for upwards travel with the new method compared to the value
written in the BS 7974. Indeed, as it was said before, the standards are supposed
to be conservative. This can be explained by the fact that it was quite difficult to
find information on the walking speed in stairs. There is not a lot of experiments or
results from real fires. Moreover, the parameter which seems to influence the most
the walking speed is the emergency situation. The data considered in the evalua-
tion of the walking speeds were not always found in papers dealing with emergency
situations. This is the case of D7 and D10 for example. The study, in which they
were found, was dealing with an experiment on a little sample of people [21]. In this
experiment, people were asked to walk either normally or fast. It was decided to
take the values for normal walking and not fast walking because the values would
not have been coherent with the other values found in the literature. However,
taking normal speed values means that there is no situation of emergency. As a
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consequence, the vertical walking speed should be higher if people think that there
is a fire.

The method of possibility is really dependant on the values that can be found in
the literature. This is actually the most difficult part because the data must be
quite close to the scenario that is studied.

In order to compare the results on the evacuation times for the different scenarios
that were studied, a summary of the results is given in table 3.4.

Scenario ASET RSET Possibilistic evacuation time
1 577s 411s 330s
2 217s 179s 145s
3 500s 228s 175s

Table 3.4. Summary of the evacuation times calculated through the different meth-
ods

In the EDF method, the final step is to compare ASET and RSET. As a reminder,
the required safe escape time (RSET) needs to be below the available safe escape
time (ASET). Regarding Table 3.4, this is the case for all the scenarios. For the
scenarios 1 and 3, the gap between both times is quite significant. Nevertheless, one
can notice that for Scenario 2, there are only 38 seconds of difference between both
values. This difference is quite small and can constitute a problem for the ONR,
the British Regulator. Indeed, there is no room for error if one worker, located in
the dead-end of the gallery, must evacuate in the event of a fire.

However, it is important to highlight the fact that the simulations have been per-
formed in a conservative way. Indeed, the fire has been located in the most pe-
nalizing place, at the end of the dead-end, near building B1. Moreover, sprinkler
systems are installed in places where the fire load is important (usually along cable
trays) and they are expected to spread water when a fire is detected. The effect of
the sprinklers was not considered in the simulation. It has also been chosen to take
thermoplastic cables instead of fire retardant cables. As a consequence the heat
that is released is much higher than the one that would effectively be released. To
conclude, the ASET results are probably underestimated.

Considering the results obtained using the possibilistic method, they are all below
the ASET times and also below the RSET times. These results are supposed to be
closer to reality as the different parameters have been established using different
data sources. This is the principal advantage of this method as the data gathers
actually a lot of information from different type of sources (experiment, simula-
tions, etc.). These results confirm that the margin between the ASET time and the
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actually required time to evacuate can be much more than the margin calculated
between the ASET and RSET times. For instance, for the evacuation scenario 2,
the safety margin is 72s using the possibilistic results as compared to 38s with the
EDF method.

To conclude, the approach using the theory of possibility can confirm that the de-
sign of this gallery is acceptable considering the safe evacuation of people. The
studied scenarios do not consider that people can take the wrong way even if they
are supposed to know the building. However, for scenarios 1 and 3, the available
safe escape time is much higher than the times obtained with the possibilistic the-
ory. As a result, people should have the time to take the wrong way and come back
to reach the exit. For the second scenario, the difference of time is smaller (72s),
but in this case, there is no possibility to take a wrong way since this is a dead-end.
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Conclusion

The theory of possibility is not a new theory. As it was said in section 1.2.1, it has
been introduced by L. Zadeh in 1978 [5]. Nevertheless, the application of possi-
bilistic calculations in uncertainty analysis is still uncommon. It was actually very
difficult to find studies dealing with this type of analysis. The method developed in
this report seems to be quite useful when processing data about human behaviour.
Indeed, lots of studies are carried out on human behaviour, giving different results
depending on the assumptions that have been taken (people age, abilities, training,
etc.). As a consequence, different data can be used to get one consensual datum
which is supposed to be the most appropriate. This is the main advantage of this
method.

However, one can have noticed that there is a paradox in this method. Indeed, it is
supposed to be helpful when dealing with human behaviour and this method is also
really dependent on the human factor. For example, the evaluation of the degree
of belief is sometimes quite subjective. The creation of the evaluation grid (refer
to Table 2.8) and its use are based on the appreciation of the author of the study.
This is also the case when the author has to interpret one datum using a fuzzy set.
Different persons could have different interpretations. Nevertheless, if there is only
one person carrying out the whole study, then one can consider that the results
would be coherent.

Another advantage with the theory of possibility is to get an upper and a lower limit
of the probability distribution by calculating, respectively, the degree of plausibility
and the degree of belief. The implementation of this method is actually quite sim-
ple: the calculations may be tedious when one wants to combine a lot of data, but
they are quite easy to compute. Unlike the probabilistic studies, the possibilistic
method does not need a lot of assumptions. This method can then be used as a
first approximation of the probability distribution. Moreover, the distribution of
the pignistic probabilities that have been found in the results part seem to reflect
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the reality quite well. Nevertheless, the pignistic probability is really dependent on
the values of the degree of belief for each datum. To have a more precise evaluation,
there should be more criteria, or a different scale. In order to improve the results,
more data should be combined. However, it is not always easy to find data close
enough to the studied scenarios. That was the most complicated step for this study.

In the literature, few applications of this method can be found. One of these is
a work on the maintenance of a check valve of a turbo-pump lubricating system
in a Nuclear Power Plant [24]. It consists in collecting data from different devices
and from experts to identify the principal mechanism of degradation on this valve
and to find the best time to fix it or replace it. This is related to the Condition-
Based Maintenance Policy which aims at determining the most appropriate time
to perform maintenance. Some limitations of the method have been raised. First,
the experts must be knowledgeable on all the uncertain parameters involved in the
study. They should be able to give intervals of values and the confidence they have
in what they say. This may be difficult in practice. Another important point is
that it is sometimes quite difficult to interpret the results.

The theory of possibility challenges us to think about the source of the data used,
their quality and the confidence one can have in them. Using this method, infor-
mation from experts can easily contribute to the studies: human knowledge and
feelings can be good source of data. This work shows that the possibility approach
is complementary to the probabilistic and deterministic approaches that are well
known in the nuclear field. There are two main uses that should be developed. The
first one is when several data are available from different sources. The second one
is when expert judgements are available: their points of view, their interpretations
of what they can see on a problem or a component, etc. This tool would open new
perspectives in the future. For example, it could be used to determine component
obsolescence which is an issue in ageing nuclear power plants.
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5.1 Appendix 1 - Smoke propagation in the
gallery

Figure 5.1. Smoke propagation in the gallery [14]
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5.2 Appendix 2 - Evolution of the temperature
in the gallery

Figure 5.2. Evolution of the temperature in the gallery during the time [14]

Figure 5.3. Colour spectrum for the temperature (in Celsius degrees) [14]
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5.3 Appendix 3 - Evolution of the visibility in
the gallery

Figure 5.4. Evolution of the visibility in the gallery during the time [14]

Figure 5.5. Colour spectrum of the visibility (in meters) [14]
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5.4 Appendix 4 - Fusion results

Pre-movement time

Table 5.1. Results of the fusion of D1, D2, D3 and D4

Interval Mass Interval Mass Interval Mass

[30;35] 0.22 [24;74] 0.0013 [18;100] 0.0051
[28;35] 0.039 [24;80] 0.0013 [18;102] 0.0005
[28;39] 0.2185 [24;85] 0.0016 [18;120] 0.0032
[28;41] 0.0019 [24;91] 0.0013 [16;69] 0.0094
[28;42] 0.0139 [24;97] 0.0013 [16;74] 0.0012
[28;47] 0.0012 [24;100] 0.0058 [16;80] 0.0012
[28;52] 0.0014 [24;102] 0.0006 [16;85] 0.0014
[28;58] 0.0012 [24;120] 0.0037 [16;91] 0.0012
[28;63] 0.0012 [22;52] 0.0154 [16;97] 0.0012
[28;69] 0.0012 [22;58] 0.0012 [16;100] 0.0051
[28;74] 0.0012 [22;63] 0.0012 [16;102] 0.0005
[28;80] 0.0012 [22;69] 0.0012 [16;120] 0.0032
[28;85] 0.0014 [22;74] 0.0012 [14;74] 0.0083
[28;91] 0.0012 [22;80] 0.0012 [14;80] 0.0013
[28;97] 0.0012 [22;85] 0.0014 [14;85] 0.0016
[28;100] 0.0051 [22;91] 0.0012 [14;91] 0.0013
[28;102] 0.0005 [22;97] 0.0012 [14;97] 0.0013
[28;120] 0.0032 [22;100] 0.0051 [14;100] 0.0058
[26;41] 0.0256 [22;102] 0.0005 [14;102] 0.0006
[26;42] 0.1841 [22;120] 0.0032 [14;120] 0.0037
[26;47] 0.0012 [20;58] 0.0117 [12;80] 0.0069
[26;52] 0.0014 [20;63] 0.0012 [12;85] 0.0014
[26;58] 0.0012 [20;69] 0.0012 [12;91] 0.0012
[26;63] 0.0012 [20;74] 0.0012 [12;97] 0.0012
[26;69] 0.0012 [20;80] 0.0012 [12;100] 0.0051
[26;74] 0.0012 [20;85] 0.0014 [12;102] 0.0005
[26;80] 0.0012 [20;91] 0.0012 [12;120] 0.0032
[26;85] 0.0014 [20;97] 0.0012 [10;85] 0.0069
[26;91] 0.0012 [20;100] 0.0051 [10;91] 0.0038
[26;97] 00012. [20;102] 0.0005 [10;97] 0.0038
[26;100] 0.0051 [20;120] 0.0032 [10;100] 0.0255
[26;102] 0.0005 [18;63] 0.0106 [10;102] 0.0005
[26;120] 0.0032 [18;69] 0.0012 [10;120] 0.0032
[24;47] 0.0142 [18;74] 0.0012 [8;91] 0.0019
[24;52] 0.0016 [18;80] 0.0012 [6;97] 0.0019
[24;58] 0.0013 [18;85] 0.0014 [4;102] 0.0019
[24;63] 0.0013 [18;91] 0.0012 [4;120] 0.0128
[24;69] 0.0013 [18;97] 0.0012
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Horizontal walking speed fusion result

Table 5.2. Results of the fusion of D5, D6 and D7

Interval Mass

[1.38;1.42] 0.09

[1.36;1.44] 0.09

[1.34;1.46] 0.08

[1.32;1.48] 0.09

[1.30;1.50] 0.09

[1.28;1.52] 0.0306

[1.26;1.54] 0.0306

[1.24;1.56] 0.0306

[1.23;1.57] 0.0136
[1.28;1.50] 0.0594

[1.26;1.50] 0.0594

[1.24;1.50] 0.0594

[1.23;1.50] 0.0264

[1.2;1.5] 0.1650

Θ 0.0850
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Vertical walking speed fusion result

Table 5.3. Results of the fusion of D8, D9 and D10

Interval Mass Interval Mass

{57} 0.0135 [0.53;0.71] 0.0033
[0.57;0.59] 0.0248 [0.53;0.73] 0.0162
[0.57;0.61] 0.0271 [0.51;0.61] 0.0507
[0.57;0.63] 0.0248 [0.51;0.63] 0.0144
[0.57;0.65] 0.0847 [0.51;0.65] 0.0157
[0.57;0.67] 0.0165 [0.51;0.67] 0.0144
[0.57;0.69] 0.0342 [0.51;0.69] 0.0157
[0.55;0.57] 0.0465 [0.51;0.71] 0.0179
[0.55;0.59] 0.0200 [0.51;0.73] 0.0033
[0.55;0.61] 0.0218 [0.51;0.75] 0.0116
[0.55;0.63] 0.0200 [0.49;0.63] 0.0321
[0.55;0.65] 0.0218 [0.49;0.65] 0.0138
[0.55;0.67] 0.0558 [0.49;0.67] 0.0127
[0.55;0.69] 0.0135 [0.49;0.69] 0.0138
[0.55;0.71] 0.0179 [0.49;0.73] 0.0036
[0.53;0.59] 0.0652 [0.49;0.77] 0.0252
[0.53;0.61] 0.0204 [0.47;0.65] 0.0212
[0.53;0.63] 0.0187 [0.45;0.67] 0.0194
[0.53;0.65] 0.0204 [0.43;0.69] 0.0212
[0.53;0.67] 0.0187 [0.43;0.77] 0.0441
[0.53;0.69] 0.0435
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