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The current state-of-the-art presents a multiplicity of evacuation models for simulating emergency sce-
narios. Each model involves different methodological solutions to represent the same process and each
one has its strengths and limitations. In addition, they have their own specific features and often practi-
tioners do not have a thorough understanding of the variables that could be input into the models and
how they will affect the results. Thus, there is a need to analyse the differences between the models,
why they occur and how they affect the calculations. This study compares three evacuation models
(FDS+Evac, STEPS, Pathfinder) and the analytical calculations provided in the Society of Fire Protection
Engineers (SFPE) Handbook, each of them using different simulation methods. The case-study is the
Lantueno tunnel in Spain (a two-bore road tunnel with an emergency link tunnel between the two bores).
The results initially show that, when considering evacuation scenarios with a single available exit and
favourable response times, the obtained evacuation times do not differ significantly between the models.
In a second step, the analysis of more complex scenarios has allowed the determination of the main fac-
tors of occupant–fire interactions that cause the differences between the models: the use of unfavourable
pre-evacuation times and the exit selection process under low visibility conditions. These differences
occur in relation to: (1) modelling method, (2) degree of depth of the analysis of the fire conditions during
the calibration of the inputs, and (3) user’s experience in applying appropriate safety factors when using
only one model.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, in Europe alone, tunnel fires have destroyed
more than a hundred vehicles causing over 400 deaths and pre-
senting a cost of billions of euro for the European economy (Carvel,
2007). Disasters like the Mont Blanc tunnel fire (Italy–France,
1999) and the other three fires in the Eurotunnel (1996, 2006
and 2008) show that these environments should receive particular
attention from designers. Consequently, the European Directive
2004/54/EC (European Parliament, 2004) establishes the require-
ment of a thorough and detailed risk analysis for the tunnels in
the trans-European network in order to achieve the appropriate
safety levels and reduce the negative consequences of a hypothet-
ical emergency scenario.

In this context, several Computational Modelling software pack-
ages have been used in recent years as a tool for analysing occu-
pant safety conditions in case of emergency. This is the reason
why their application, initially almost exclusively for buildings, is
ll rights reserved.

: +39 0805963329.
currently being extended to a large number of environments such
as aircraft, trains, ships and tunnels. Designers often face the prob-
lem of performing the safety analysis through the use of a single
model, which could lead to errors caused by its weaknesses.

The process of emergency evacuation is a complex phenomenon
that requires a holistic approach to the problem. In fact, the factors
to be simulated using the evacuation models fall into two catego-
ries: physical characteristics and Human Behaviour-related pro-
cesses. While the first type of factors is deterministic in nature
and consequently easy to insert, the variables related to Human
Behaviour present difficulties in the input definition step due to
their intrinsic randomness.

In addition, road tunnels are unique environments with their
own specific characteristics: underground spaces, unknown to
users, no natural light, etc. which affect different aspects of Human
Behaviour (Boer, 2003; Shields and Boyce, 2004; Worm, 2006) such
as pre-evacuation times (e.g. people may show vehicle attach-
ment), occupant–occupant and occupant–fire interactions (Bryan,
1977; Di Nenno, 2002; Frantzich and Nilsson, 2004), herding
behaviour and exit selection. The information about these factors
can be obtained from data of actual accidents, experiments or
drills. The most reliable studies are based on real data, but there

http://dx.doi.org/10.1016/j.tust.2012.02.008
mailto:enronc@poliba.it
http://dx.doi.org/10.1016/j.tust.2012.02.008
http://www.sciencedirect.com/science/journal/08867798
http://www.elsevier.com/locate/tust


E. Ronchi et al. / Tunnelling and Underground Space Technology 30 (2012) 74–84 75
is not much experimental literature available. Furthermore, data
from experiments and simulations can be accused of lack of real-
ism or be difficult to extrapolate for other analyses. Therefore,
designers need a deep knowledge both of the characteristics of
the model they use (e.g. the modelling method) as well as of its
limitations to represent the above mentioned aspects. A possible
solution to this problem is to develop a comparative analysis of dif-
ferent models in order to represent as accurately as possible the
emergency scenarios in relation to the model in use. Lord et al.
(2005) identify the main objective of this kind of comparative anal-
ysis as a process of understanding the causes of uncertainty and
variability in the outputs, focusing on variables that ‘‘may have
an impact on the results of the egress model that is significant enough
to cause a change in an engineer’s design of a building’’.

This study presents a comparative analysis of three evacuation
models: FDS+Evac (Korhonen and Hostikka, 2010), STEPS (Mott
Macdonald, 2010) and Pathfinder (Thunderhead Engineering,
2009). These three models represent different methodologies to
model the evacuation process. Additionally, for some cases of the
analysis, they are compared with the analytical calculation of the
Society of Fire Protection Engineers (SFPE) Handbook (Di Nenno,
2002).

Two approaches for the definition of the inputs have been con-
sidered: the deterministic approach and a random approach using
distribution functions. Each model is analysed, checking whether
the different factors (e.g. movement method, occupant load, fire
scenarios, random factors in Human Behaviour, etc.) can be imple-
mented: (1) directly or (2) ‘‘artificially’’, using data from other mod-
els. The consequence is that if a model is able to reproduce a certain
phenomenon accurately, it will be used for adjusting the inputs of
the other models through a process of convergence between the
different models. For example, this study uses FDS, the Fire Dy-
namic Simulator within FDS+Evac (Korhonen and Hostikka, 2010)
to model fire, smoke, toxic gases, etc. Moreover, there is an analysis
of several evacuation scenarios for the Lantueno tunnel in Spain (a
two-bore road tunnel with an emergency link tunnel between the
two bores). The simulations were carried out under different condi-
tions to obtain a significant range of results. The same input data
were considered for all models, taking into account that it was nec-
essary to make some assumptions because of the intrinsic differ-
ences between them. The following step is the definition of the
crucial parameters, analysing how they are represented by each
model and what their impact is on the simulated process.

This study identified the causes of variability of the results be-
tween different models and analyses the conditions under which
the results are similar. The analysis leads to (1) identifying the lim-
itations of each model when simulating specific conditions in road
tunnels; (2) comparing the effect of the assumptions set out in the
representation of the behavioural parameters of the occupants; (3)
establishing safety coefficients to obtain reliable results when con-
sidering the effects of the fire–occupant interaction.

2. Material and methods

The influence that each variable may have on the evacuation
process needs to be defined in order to provide an appropriate
evaluation of the safety conditions in road tunnels. The literature
presents studies on the impact of certain variables and processes.
The most frequent behavioural responses to fire could be catego-
rised as evacuation (Worm, 2006), fighting or containing the fire
and the notification of other individuals or the fire brigade (Bryan,
1977). Frantzich and Nilsson (2004) also talk about the possibility
to pass by the fire through the smoke; however it is assumed, in
most cases, people tend to go in the opposite direction to the fire.
Data from surveys confirm this assumption (Gandit et al., 2008;
Ronchi et al., 2009).
2.1. The human factor in road tunnel evacuations

Evacuation models simulate factors belonging to two catego-
ries, physical features (e.g. tunnel geometry, obstacles, occupant
load, vehicles involved in the accident, fire spread, etc.) and Human
Behaviour (e.g. pre-movement times, door selection, herding
behaviour, etc.). This paper mostly focuses on the second category.

2.1.1. Pre-evacuation time
The pre-evacuation time is the time required for each occupant

to understand what has happened (detection time) and the time
spent to decide what to do (reaction time). This time is influenced
by internal and external factors (Colonna et al., 2009). The internal
factors are related to the physical and socio-psychological charac-
teristics of the occupants: their emotional states (Worm, 2006);
cultural background or training (Colonna et al., 2007; Wilde,
2001), past fire-related experience and knowledge of the environ-
ment and safety devices (Gandit et al., 2008) (i.e. the case of profes-
sional drivers (Banuls Egeda et al., 1996). External factors include
social interactions. In fact, people are strongly influenced by the ac-
tions of others (i.e. to decide to get out of the vehicle or choose an
exit). Other external factors include environmental conditions such
as alarm systems and visibility conditions (e.g. emergency lighting
system, exit visibility, smoke thickness, road signals, etc.). The per-
ception of danger by a selected group of occupants can also be
influenced by their position with respect to the fire. Occupants
can have a direct perception of the danger, they may only be able
to see the smoke or the actions of the alerted people (or a combi-
nation of all three) (Ronchi et al., 2009).

Several behaviours could be observed. Motorists may show
vehicle property attachment and/or they can consider their cars
as the safest place to be and, after shutting windows and ventila-
tion, will remain seated in their cars (Gandit et al., 2008). In the
experiments performed in the Benelux Tunnel, the results showed
that users remain passive in the interior of their vehicles for be-
tween 5 and 6 min (Boer, 2003).

Boer (2003) also describes how the passivity of road users can be
overcome through the use of an announcement by the tunnel oper-
ator. In particular, his study focused on the type of instructions that
should be given during a tunnel fire. Only 18% of the drivers left their
cars prior to vocal announcement inside the tunnel. Another insight
regards the hesitation of the people who left their cars before the
announcement compared with those who left after the vocal mes-
sage. Frantzich and Nilsson (2004) also study the effectiveness of
different types of provided information. They pointed out that an
effective message should not contain too much information and
the appropriate number of phrases is between 5 and 7. In their
experiments, participants opened the door of the vehicle within
35 s. Purser (2009) analysed the real case of the Mont-Blanc tunnel
fire, estimating an average time of 30 s to leave the vehicles. On the
other hand, the Italian guidelines for tunnel safety design (Direzione
Progettazione ANAS, 2009) provide average values for the time to
abandon vehicles (300 s for vehicle users and 90 s for truck drivers).
The lack of data leaves the selection of the proper values for pre-
movement times to the experience of the designer (Capote et al.,
2010). The use of distribution laws can help the modeller to take
into account the above mentioned factors, but it is best practice to
model several scenarios (as requested in a risk analysis) with differ-
ent pre-movement times (Capote et al., 2009, 2011).

2.1.2. Door selection
This variable depends on the environmental conditions (dis-

tance, visibility, etc.), social interactions and the occupants’ knowl-
edge of the tunnel geometry. In general, occupants go towards the
nearest exits, but in the case of tunnel fire, emergency exits may
similarly be even more deterring and unfamiliar than the tunnel
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itself (Frantzich and Nilsson, 2004). Apart from the exit location,
occupants also take into account the fire-related conditions, their
familiarity with the exits and the exit visibility.

2.1.3. Social interactions
The interactions between occupants are a crucial factor in mod-

elling the evacuation process. Humans tend to be strongly influ-
enced by the behaviour of others, regarding the decision to leave
the vehicle as well as for the exit selection (Frantzich and Nilsson,
2004; Ronchi et al., 2010). There are two main types of interaction
between the occupants during an emergency: ‘‘emerging groups’’
and ‘‘established groups’’ (i.e. family, friends, etc.). The emerging
groups can arise and dissolve during the emergency. The natural
behaviour of the established groups is to stay together and ensure
that each member has been evacuated safely. In fact, their walking
speed will correspond to the slowest user while response times
and evacuation routes will be the same for the whole group.

2.1.4. The influence of fire
Fire can affect the occupant’s evacuation process. The smoke ef-

fects affect the walking speed and may cause incapacitation of the
occupants. These effects have been reported in the literature
(Frantzich and Nilsson, 2004; Di Nenno, 2002; Direzione Progettaz-
ione ANAS, 2009), including information on individuals with dis-
abilities (the elderly, disabled people, etc.). Unfortunately the
scatter of the experimental results is wide and further investiga-
tion is still required on this topic. Radiation and temperature ef-
fects also affect the path of the agents.

2.2. Evacuation models

Kuligowski and Peacock (2005) categorised models due to their
modelling method (i.e. the sophistication that each model consid-
ers to calculate the evacuation times). The three main categories
are behavioural models, movement models and partial behaviour
models. Behavioural models include occupants performing actions,
decision-making processes and reactions due to the environmental
conditions. Movement models move occupants from one point to
another (generally a safe place). Partial behaviour models primarily
calculate occupant’s movement, but implicitly reproduce the occu-
pant’s behaviour by pre-movement time distributions, overtaking
behaviours, the influence of smoke, etc.

The deterministic or the stochastic approach can be used to in-
sert the inputs inside the evacuation models. The complexity of hu-
man features and actions during tunnel evacuations could hardly
be represented using deterministic parameters (i.e. constant values
for walking speed, delay times, etc.). Consequently, it is good prac-
tice to apply the use of distribution laws.

Simulation methods may differ (Kuligowski and Peacock, 2005),
including:

(1) Cellular Automata (CA): in which the agents move from one
cell of a grid to another one.

(2) Agent based modelling (ABD): agents are capable of interact-
ing with the environments and/or other agents following a
list of rules that guide their movement; therefore an agent
is defined simply as ‘‘something that perceives and acts’’.

(3) Flow based modelling (FBM): occupant density is modelled
as a continuous flow. Social factors are not modelled; the
input employed are walking speeds, physical constraints in
walkways, density, and initial position of people. The flow
of the evacuation process can be then estimated.

The models in this study – FDS+Evac (Korhonen and Hostikka,
2010), STEPS (Mott Macdonald, 2010) and Pathfinder (Thunderhead
Engineering, 2009) and the analytical calculations presented in the
SFPE Handbook by Mowrer and Nelson (Di Nenno, 2002) – repre-
sent a sample of models based on the above described modelling
methods.

2.2.1. FDS+Evac
FDS+Evac (Korhonen and Hostikka, 2010) version 2.2.1 is the

evacuation module of the Fire Dynamics Simulator (FDS). FDS+Evac
is a partial behaviour model that combines an agent-based model
and a Computational Fluid Dynamics (CFDs) model where the fire
and the egress parts interact. FDS+Evac treats each occupant as a
separate agent, using stochastic properties for assigning their main
characteristics: walking speed and response times (detection and
reaction). The influence of smoke on the movement and behaviour
of agents is based on the results of the experiments of Frantzich
and Nilsson (2004). The model gives as results the position, the
velocity, and the dose of toxic gases of each human (Fractional
Effective Dose, FED (Purser in Di Nenno, 2002) inside the computa-
tional domain at each discrete time step.

2.2.2. STEPS
Simulation of Transient Evacuation and Pedestrian Movement

(STEPS) 4.0 is an agent-based model in which the path to the exit
is calculated through a grid (CA). The movement towards the exits
is calculated through a potential map. This model allows the user
to implement certain random parameters about pre-evacuation
times and travel speeds. It permits the import of data from fire
models (CFAST and FDS) and their effect on the occupants’ move-
ment is calculated according to the values established by Jin and
Yamada (Di Nenno, 2002).

2.2.3. Pathfinder
Pathfinder 2009.2 is a movement/partial behaviour model. It

uses two ways to model the evacuation process. The first is a flow
model, the SFPE method of Mowrer and Nelson (Di Nenno, 2002),
based on the calculation of the means of the capacity of the consid-
ered environment. The second methodology is an agent-based
model (the Reynolds steering behaviour model redefined by Amor
(Thunderhead Engineering, 2009). Occupants are represented as
circles moving inside a continuous 2D surface represented by adja-
cent triangles. The steering system moves passengers along their
paths and allows each occupant to interact with the environment
and the other occupants. The absence of fire-related features does
not permit us to directly evaluate the changing conditions due to
environmental evolution (smoke density, door visibility, etc.) and
the use of a fire model is necessary.

2.2.4. SFPE analytical calculations
The SFPE analytical calculations are based on the flow model

defined by Mowrer and Nelson in the SFPE Handbook (Di Nenno,
2002). This analytical calculation permits us to obtain the evacua-
tion times through the products of a hydraulic model. It uses a ser-
ies of expressions that relate data acquired from tests and
observation to a hydraulic approximation of human flow based
on the calculation of the effective width. The model only provides
quantitative results about evacuation times and not information
about arising bottlenecks and queues. It does not allow for any in-
put regarding Human Behaviour. The results provide information
on the relationship between speed and density, Specific Flow, the
Calculated Flow and finally the evacuation time.

2.3. Case study: the Lantueno tunnel

The Lantueno tunnel (Dirección general de Carreteras, 2008) is
located in the Cantabria-La Meseta Highway (A-67), between Pes-
quera and Reinosa (Spain). It is a two-bore uni-directional road
tunnel. Its length is about 670 m. Each bore has two lanes and they
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have sidewalks (see Fig. 1). The tunnel has an emergency tunnel
(its length is 18 m and its width is 2.8 m) linking the two tubes.
It is located 390 m from the north entrance and it is signposted
in each tube by an illuminated panel. There are no restrictions on
dangerous goods.

2.3.1. Evacuation scenarios
Two cases have been considered:

(1) Case A: An accident has occurred in the centre of the tube
obstructing the emergency tunnel (see Fig. 2a).

(2) Case B: An accident has occurred near the entrance of the
tube (see Fig. 2b).

The basic characteristics of the scenarios and the investigated
parameters are listed in Table 1.

The following assumptions have been considered:

� The evacuation is modelled considering the moment at which
the vehicles are stationary, queuing behind the vehicles
involved in the accident (one in each lane).
� The evacuation is considered complete if the occupants reach

the cross connection between the two bores or they leave the
tunnel through the entrance.
� Standard dimensions of the vehicles are: 4.5 m � 2 m (cars) and

10 m � 2 m (trucks). The distance between vehicles is 1 m.
� The following occupant load is considered: 2.5–5 occupants/

cars and 1–2 occupants/trucks. The assumed percentage of
trucks is 10% of the total number of vehicles (Dirección general
de Carreteras, 2008).
� Occupants’ initial positions are in the vicinity of the vehicles.

The pre-evacuation time includes the time required to leave
the vehicle.
� The longitudinal slope of 2% of the tunnel is considered in FDS

by inserting an inclination of 2% in the z axis and the smoke is
pushed due to this gradient towards the zone where the evacu-
ation takes place. The effects of forced ventilation are not taken
into account.
� In the SFPE method, the tunnel is divided into three transversal

areas where people are equally distributed and delay times are
added after the calculations.
� The CO production (CO_YIELD values in the fire simulation in

FDS) was selected by the user following the available literature
(Di Nenno, 2002; Ingason, 2001; Bryner et al., 1994). FED values
(and consequently the agents’ incapacitation) are strongly influ-
enced by the user’s selection of the CO_YIELD i.e. it is strongly
influenced by the user’s input. The assumption is to use only
one reactant considering a certain burner with a pre-defined
Heat Release Rate curve. The scope of the paper is to analyse
the differences between the models under the same conditions.
When performing a risk analysis, a sensitivity analysis consider-
ing the variability of the factors affecting the fire and smoke
development is required.
Fig. 1. Cross section of the two bores of
� Fifty simulations of the scenarios in which there were stochastic
parameters were carried out using each model. The samples
were processed with fitting methods and the estimations of cor-
respondent normal distributions with a significance level of
a = 0.05 of the evacuation results were obtained. The statistical
treatment of evacuation times provides mean, maximum, min-
imum and variance.

2.3.1.1. Case A1: movement test. In case A1 two scenarios (A1.1 and
A1.2) have been considered in which the inputs are assigned deter-
ministically by the user (see Table 2). The purpose of these scenar-
ios is to investigate whether different movement methods used by
the model produce different scenarios with different occupant
load.

2.3.1.2. Case A2: random variables: pre-evacuation time and walking
speed. In this case, probability distributions have been considered
for the parameters of walking speed and pre-evacuation time (sce-
narios A2.1 and A2.2). Table 3 shows a summary of the inputs as-
signed to case A2.

The implementation of pre-evacuation times in scenario A2.3
was carried out using the criterion of distance from the accident.
In this way a phased response of the occupants was considered.

Fig. 3 shows how the tube is divided into different areas of re-
sponse time. In the area closest to the accident (zone 1), the imple-
mented response time is 30 s. The response time of the occupants
of the other zones (zones 2–10) was calculated considering the
time needed by the first occupants (from zone 1) to reach different
areas with a speed of 1.25 m/s. Then, the values were assigned
using normal distribution laws. Mean values from zone 2 to zone
10 are, respectively: 152 s, 184 s, 216 s, 248 s, 280 s, 312 s, 344 s,
376 s, 408 s.

2.3.1.3. Case A3: fire influence. The following three scenarios (A3.1,
A3.2, A3.3) analyse the influence of fire by varying the values of
Heat Release Rate (HRR) using two different values for the hypo-
thetical design of fires. The experimental curves employed (see
Fig. 4) vary from a minimum of 4 MW – representing a car fire –
to a maximum of 30 MW – representing a bus on fire (Li, 2004;
Ingason, 2001).

While in scenarios A3.1 and A3.2 the incapacitation caused by
CO production is not considered, a Kerosene reactant (Di Nenno,
2002) (R in Table 4) was inserted in scenario A3.3 in order to test
the effects of CO production (Bryner et al., 1994). Table 4 shows
a summary of the inputs.

2.3.1.4. Case A4: FDS+Evac test: fire conditions-detection time inter-
action. This case aims to understand the impact of the fire develop-
ment on the evacuation of the tunnel occupants. FDS+Evac can
automatically assign a specific response time depending on the
smoke spread (see Fig. 5) and its proximity to an agent or group
of agents. In this case, the use of this feature of the model (scenario
the case study, the Lantueno tunnel.



Fig. 2a. Position of the accident in scenarios from A1 to A4.

Fig. 2b. Position of the accident in scenarios B1.1 and B1.2.

Table 1
Summary of the inputs about occupant load of the scenarios.

Scenario Considered variables Light–heavy vehicles Occupants (no.) Fire (yes/no)

A1.1 Movement test 120–12 312 No
A1.2 120–12 624 No

A2.1 Random variables: pre-evacuation time and walking speed 120–12 624 No
A2.2 120–12 312 No
A2.3 120–12 624 No

A3.1 Fire influence 120–12 312 Yes
A3.2 120–12 312 Yes
A3.3 120–12 312 Yes

A4.1 FDS+Evac Test. Fire conditions-detection time interaction 120–12 624 Yes
A4.2 120–12 624 Yes

B1.1 Fire influence on exit selection 180–18 936 Yes
B1.2 180–18 936 Yes

Table 2
Inputs of scenarios A1.1 and A1.2.

Scenario Modela People (no.) Fire (yes/no) Walking speed (m/s) Pre-evacuation time (s)

A1.1 F, S, P 312 No 1 0
A1.2 F, S, P 624 No 1 0

a F = FDS+Evac, S = STEPS, P = Pathfinder.

Table 3
Inputs of scenarios A2.1, A2.2 and A2.3.

Scenario Modela People (no.) Fire (yes/no) Walking speed (m/s)b Pre-evacuation timeb

A2.1 F, S, P, SFPE 624 No U: 0.95–1.55 U: 30–210
A2.2 F, S, P, SFPE 312 No N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30
A2.3 F, S, P 624 No N: 1.25 ± 3r, s = 0.1 Different in each zone

a F = FDS+Evac, S = STEPS, P = Pathfinder, SFPE = SFPE method.
b U = Uniform distribution, N = Standard Normal distribution.

1     2     3     4     5    6     7     8     9    10

Evacuation direction

Fig. 3. Zones of pre-evacuation time for scenario A2.3.
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A4.2) is compared with a scenario in which unfavourable response
times have been considered (scenario A4.1), as shown in Table 5.
Lower walking speeds (1 m/s) were selected in order to better eval-
uate the smoke effects on occupants.
2.3.1.5. Case B1: fire influence on exit selection. In case B1.1, the fire
influence on exit selection during the evacuation process has been
analysed. FDS+Evac takes into account the fire influence on exit
selection, while STEPS and Pathfinder do not consider it. For this
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reason, despite the different features of each model, Pathfinder and
STEPS inputs were calibrated using the results of FDS+Evac (sce-
nario B1.2). Pathfinder was calibrated assigning different groups
of people in the tunnel in a deterministic way to the emergency
exit or the entrance after checking the fire conditions in FDS. In
STEPS the calibration was performed by changing the availability
of the emergency exit for the evacuation after a certain time (also
in this case after checking the fire evolution in the tunnel) Table 6
describes the input data considered in the models.
3. Results and discussion

3.1. Case A1: movement test

Table 7 shows that the results are very similar between the
models and scenarios. Although there is a simultaneous response
for all the occupants (i.e. the beginning of the simulation) bottle-
necks or congestions do not arise. The increase in the number of
occupants (scenario A1.2) had no relevant effects on the evacua-
tion times. Consequently it is possible to state that – despite the
different movement methods of the models – the evacuation times
did not differ significantly. In this movement test, the evacuation
Table 4
Inputs of scenarios A3.1, A3.2 and A3.3.

Scenario Modela People (no.) Fire (yes/n

A3.1 F, S 312 Yes (4 MW
A3.2 F, S 312 Yes (30 MW
A3.3 F, S 312 Yes (30 MW

a F = FDS+Evac, S = STEPS.
b N = Standard Normal distribution.

60 s 240 

Fig. 5. Smoke spread analysis within the tunnel using FDS. It i
times approximately correspond to the walking speed of the last
occupant (the occupant who has the longest evacuation route)
multiplied by the distance travelled.

3.2. Case A2: random variables: pre-evacuation times and walking
speed

The results obtained are similar for the different models, despite
the use of different distribution laws of probability for the param-
eters of occupants’ pre-evacuation times and walking speed. The
models generate the pre-evacuation time of the occupants at a
fixed position (no movement is simulated during this phase) until
the evacuation begins.

The use of distribution laws for this parameter implies an over-
lap of passengers who have already begun moving and those who
have not yet responded to the emergency.

The implementation of different response groups for scenario
A2.3 did not significantly affect the evacuation times. It shows that
in this case, the fundamental parameters are the distance travelled
and the occupants’ walking speed. The Pathfinder model shows dif-
ferences in the results using the steering mode. Evacuation times
are higher than the other models because occupants who have
not yet begun to evacuate, stand in the path of other occupants
who are evacuating. They will obstruct their movement until they
move from their position. In fact, the SFPE mode in Pathfinder pro-
vides lower evacuation times and dispersion (see Figs. 6 and 7).

3.3. Case A3: the influence of fire

Scenarios 3.1, 3.2 and 3.3 show no big differences between the
models. In FDS+Evac the fire loads do not substantially affect evac-
uation times. In fact, evacuation times are very similar in the case
without fire (scenario 1.4), maybe because of the pre-movement
times. They are not high enough for the smoke to consistently af-
fect the evacuation process. In STEPS, the evacuation times grow
slightly in scenarios 3.1, 3.2 and 3.3 with respect to scenario 1.4,
becoming very similar to the FDS+Evac values.

There are few differences in the same scenario using the param-
eter smoke ‘‘irritant’’ or ‘‘no irritant’’ as shown in Fig. 8. Since in
STEPS there is no influence of toxic gas production on humans,
the results of scenarios 3.2 and 3.3 are exactly the same (in sce-
nario 3.3, fire produces CO also because of a reactant, using the
command CO_YIELD in FDS).

Scenarios A3.1, A3.2 and A3.3 show no big differences between
the models (see Fig. 8). In FDS+Evac the fire loads do not substan-
tially affect evacuation times. In fact, the results are very similar in
o) Walking speed (m/s)b Pre-evacuation timeb

) N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30
) N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30
+R) N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30

s 400 s

s used in the FDS+Evac model as a cue for the evacuation.



Table 5
Inputs of scenarios A4.1 and A4.2.

Scenario Modela People (no.) Fire (yes/no) Walking speed (m/s) Pre-evacuation timeb

A4.1 F 624 Yes (30 MW +R) 1 C: N 600 ± 3r, s = 140
P: N 180 ± 3r, s = 40

A4.2 F 624 Yes (30 MW +R) 1 Smoke used as a cue for the evacuation

a F = FDS+Evac, S = STEPS.
b N = Standard Normal distribution; C = occupants of light vehicles, P = occupants of heavy vehicles.

Table 6
Inputs of scenarios B1.1 and B1.2.

Scenario Modela People (no.) Fire (yes/no) Walking speed (m/s) Pre-evacuation timeb

B5.1 F, S, P 936 Si (30 MW +R) N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30
B5.2 F, Sc, Pc 936 Si (30 MW +R) N: 1.25 ± 3r, s = 0.1 N: 120 ± 3r, s = 30

a F = FDS+Evac, S = STEPS, P = Pathfinder, Sc = STEPS after calibration, Pc = Pathfinder after calibration.
b N = Standard Normal distribution.

Table 7
Results of case A1. The mean values of evacuation times are shown.

Scenario Model Mean (s) Scenario Model Mean (s)

A1.1 FDS+Evac 403 A1.2 FDS+Evac 406
STEPS 402 STEPS 402
Pathfinder (steering/SFPE) 400 Pathfinder (steering/SFPE) 400
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the corresponding case without fire (scenario A2.2). This happens
because the pre-evacuation times are not high enough to permit
the smoke to consistently affect the evacuation process. In STEPS,
the evacuation times grow slightly in scenarios A3.1, A3.2 and
A3.3, and grow slightly with respect to scenario A2.2, becoming
very similar to the FDS+Evac ones. There are few differences in
the same scenario using the parameter smoke ‘‘irritant’’ or ‘‘no irri-
tant’’. Results show that the implementation of favourable pre-
evacuation times does not explain the impact of fire within the
models. To this end, additional scenarios were carried out, the re-
sults of which are described in the following section.

3.4. Case A4: FDS+Evac test: fire conditions-detection time interaction

In case A4, the influence of fire on the pre-evacuation time was
analysed. This analysis could only be carried out with FDS+Evac be-
cause it is the only model capable of automatically representing
this phenomenon. In this case, conservative pre-evacuation times
were considered. As shown in Table 8, the times for the tunnel
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Fig. 6. Evacuation times of scenario A2. The SFPE method is d
evacuation are higher than the times obtained in the previous
cases (nearly three times higher). In scenario A4.2, the smoke
development was an additional cue for the start of the evacuation.
Consequently, the evacuation times are lower than scenario A4.1.
In this scenario the influence of fire is a fundamental parameter
for determining the final evacuation time.
3.5. Case B5: fire influence on exit selection

The analysis of scenarios B1.1 and B1.2 permitted us to evaluate
the process of exit and evacuation route (way-finding) selection in
case of road tunnel fire. In this case, two alternative exits were
available (see Fig. 9). FDS+Evac is the only model able to directly
reproduce the impact of smoke on exit selection. It is based on
the individual’s visual access of the exit.

For this reason, the exit at the entrance of the tunnel is the most
used by most of the occupants, despite not being the closest exit
(see Fig. 10a).
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Table 8
Evacuation times of scenarios A4.

Scenario Model Mean (s) Min (s) Max (s) r (s)

A4.1 FDS+Evac 1488 1326 1567 29.43
A4.2 FDS+Evac (smoke as an evacuation cue) 1248 1199 1323 28.52

Fig. 9. Available exits for the case B.
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This is caused by the presence of smoke in the vicinity of the
emergency exit. In the other models (STEPS and Pathfinder) this
phenomenon does not arise and the criterion of proximity produces
an increase in the number of occupants who use the emergency
exit. Consequently, the occupants closest to the fire escape by the
emergency exit, produce a significant decrease in the total evacua-
tion times (compared with the FDS+Evac). For this reason, the use of
these models causes favourable evacuation times but at the same
time is an unrealistic interpretation of the phenomenon.

The limitations of the STEPS and Pathfinder models lead us to
try a calibration of the exit selection process. It is based on the re-
sults obtained with FDS+Evac (scenario B1.2). In the STEPS model,
the user decides whether the emergency exit is available or not
assigning a time when it stops to be available for the occupants.
The analysis of the fire and smoke spread in FDS lead us to consider
the emergency exit no longer to be available after 300 s. In the
Pathfinder model, the user configures a deterministic distribution
of the occupants between each exit. An approximation of this num-
ber was estimated by performing the analysis of the fire conditions
with FDS.

The number of evacuees through the emergency exit (see
Fig. 10b) is lower in the STEPS and Pathfinder models. The calibra-
tion of the input did not lead to the same proportions between the
number of evacuees per exit obtained with FDS+Evac. Neverthe-
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less, the calibration of the inputs in the STEPS and Pathfinder mod-
els led to similar results with the FDS+Evac ones, taking into ac-
count the influence of fire (see Fig. 11).
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of dispersion, and slightly higher mean evacuation times are
obtained.
4. Conclusions

This paper shows a comprehensive analysis of the different
methodological solutions for the computer simulation modelling
of the road tunnel evacuations. Three different evacuation models
were selected (FDS+Evac, STEPS and Pathfinder) in order to have a
representative sample of the different available methods. The mod-
els were compared by applying them to the case study of a road
tunnel, investigating two cases ranging in complexity: (1) case A
(fire in the centre of the bore with only one available escape route
through the entrance of the tunnel) and (2) case B (fire near the en-
trance of the tube with two available escape routes: the emergency
exit and the tunnel entrance). Different approaches were used for
the implementation of the fundamental factors in the evacuation
process (i.e. pre-evacuation time, social interactions, exit selection
and fire influence on occupants’ behaviour).

The results of case A1 (movement test) show no substantial dif-
ferences between the results of the different models. This means
that the movement methods applied provide consistent results.
Cases A2 and A3 show that in simple scenarios with a single escape
route the evacuation times of the models are very similar. This
happens despite having implemented various hypotheses about
the pre-evacuation times and, in some cases, fire conditions. The
causes are essentially two factors. The first is the importance of
the evacuation travel distance as a factor in the calculations of
the evacuation time. The second concerns the assumption of
assigning favourable pre-evacuation times, in which users are not
substantially affected by the fire conditions. For these cases, the
designer could use a simpler method by applying the analytical
calculations described in the SFPE Handbook in order to obtain a
first approximation of the time of evacuation. These results lead
us to investigate more unfavourable conditions about pre-evacua-
tion times in order to assess the influence of fire conditions on the
evacuation process. The results have shown that, considering more
conservative assumptions, the effects of fire in the detection pro-
cess can be crucial for the calculation of the evacuation times
and can produce higher results than in the previous cases. Such
scenarios have to be considered in order to achieve optimal safety
levels.

The results of case B5 shows that STEPS and Pathfinder do not
take into account the environmental conditions caused by the
smoke which can affect the choice of a particular exit. This could
be the cause of an underestimation of the evacuation times. For
this reason, the user should use appropriate solutions to the prob-
lem. The designer needs a deep knowledge of the model he or she
is using (i.e. the modelling method and the model features) and the
particular characteristics of each scenario to simulate (e.g. Human
Behaviour, fire conditions, etc.).

The importance of selecting appropriate values for the main
variables affecting evacuation times has been highlighted through-
out the paper. Thus, suggestions about the definition of non-obvi-
ous data input for tunnel evacuation modelling can be made. The
definition of design fires and related smoke and CO yields, illumi-
nation, etc. are strictly dependent upon the considered scenarios
(Ingason, 2001); dedicated Literature is available on the topic
(Ingason, 2001), including an extensive review of the state-of-
the-art on the topic (TRB, 2011). If no specific information is pro-
vided about the design fire to be simulated, it is always best prac-
tice to perform sensitivity analysis of the factors affecting the
evacuation process (soot and CO yields as well as different materi-
als producing irritant gases). Furthermore, this paper focuses
mainly on the variables regarding the evacuation process. Thus,
some recommendations on non-obvious Human Behaviour input
data can be provided. According to the available literature (Jin,
1976; Korhonen and Hostikka, 2010), walking speeds may vary
within a range of 0.3 m/s in case of very low visibility conditions
and irritant gas (0.3 m/s is the minimum value associated to crawl-
ing behaviour) up to a normal unimpeded walking speed in clear
conditions e.g. 1.25 m/s for adults. Pre-evacuation times are very
complicated factors to model due to the intrinsically challenging
nature of Human Behaviour. They depend upon several factors
(see Section 2.1.1). Nevertheless, real accidents (Purser, 2009)
and tunnel experiments (Boer, 2003; Nilsson et al., 2009) show a
range of 30–300 s as reasonable values, although even slower
occupant’s responses may occur (Purser, 2009). Dedicated studies
should be addressed to people with disabilities whose conditions
may completely differ from the other tunnel occupants.

However, apart from the user’s experience and the ability to
tackle individual problems, two possible solutions are suggested.
The first can be applied when trying to simulate a scenario using
a single model that is not able to simulate the fire and/or its impact
on the exit selection process. This solution applies a safety factor
(in our case-study it is k = 2) in order to have an acceptable safety
margin for the evacuation times. The second method has been pre-
sented in this article and it is the calibration of a model based on
the results of another model capable of reproducing the phenome-
non of fire and its impact on the behaviour of the occupants. In this
case, satisfactory results have been obtained by modifying the spe-
cific parameters of the STEPS and Pathfinder models.

Future developments of the research in this field will be to ex-
tend the comparative analysis to a higher number of models and to
perform a sensitivity analysis of the variables considered in this
paper. In addition, further experimental tests regarding Human
Behaviour during emergencies in tunnels will also help to improve
the accuracy of the results of the models.
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