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Abstract. As road tunnel accidents can result in numerous fatalities and injuries, attention must be paid to accident pre-
vention and management. To address this issue, use of integrated tunnel model for system evaluation and training of road 
tunnel operators on computer simulator is presented. A unified tunnel model, including traffic, meteorological conditions, 
ventilation and evacuation that is presented. An overview of simulation models, simulator architecture and challenges dur-
ing the development are discussed. The integrated tunnel model is used as a core of a simulation system that is capable of 
reproducing tunnel accidents in real time and it interfaces with Supervisory Control And Data Acquisition (SCADA) in-
terfaces used in real tunnel control centres. It enables operators to acquire experience they could otherwise get only during 
major accidents or costly exercises. It also provides the possibility for evaluation of tunnel control algorithms and Human 
Machine Interfaces (HMIs) for efficient operation of all safety systems during upgrades and maintenance. Finally, applica-
tion of the model for accident analysis and optimization of emergency ventilation control is presented where it was used to 
identify cause of emergency ventilation malfunction and design fault.

Keywords: road tunnel, simulation, safety, ventilation, traffic, tunnel fire, emergency, visualization, operator training,  
incident management.

Introduction

Although there are plenty of efforts to increase the level 
of safety, the tunnels remain areas of increased risk as 
they are semi-enclosed spaces where explosions, fires and 
smoke can have more devastating effects than in the open 
spaces. There is a great deal of focus on tunnel safety after 
catastrophic road tunnel accidents that have occurred in 
the past, such as the Mont Blanc, Tauern and Gotthard 
tunnel fires whose causes were widely analysed and de-
scribed (Voeltzel, Dix 2004). The Mont Blanc fire in 1999 
resulted in 39 fatalities, the Tauern tunnel fire in the same 
year resulted in 12 fatalities and 42 injured and 60 vehicles 
collided during the accident. As a result, the EU issued a 
Directive 2004/54/EC on tunnel safety to prescribe mini-
mum safety requirements for road tunnels that requires 
mandatory risk assessment for all road tunnels on the 
trans-European road network that are longer than 500 m 
(EC 2004). A reminder that tunnel safety remains an in-
teresting topic is the Yanhou tunnel fire (China) that oc-
curred in 2014 and resulted in 40 fatalities.

As prescribed by the directive, several risk assess-
ment methodologies evolved. The most widely used is 
the World Road Association (PIARC) and Organisation 
for Economic Co-operation and Development (OECD) 
Quantitative Risk Assessment Model (QRAM) (Cassini 
et al. 2003; Cassini 1998). It assumes many different sce-
narios of dangerous and non-dangerous goods accidents. 
When evaluation of risk minimization measures that were 
not included in the methodology were needed, extensions 
to the methodology were developed (Petelin et al. 2010). 
Results from tunnel risk analyses are key data for imple-
mentation of risk mitigation measures, which may be also 
be chosen by consulting expert opinions and multi-crite-
ria analyses (Hashemkhani Zolfani et al. 2013). The results 
obtained with the above-mentioned methodologies often 
pointed out importance of prompt accident detection and 
response in order to minimize consequences. The tunnel 
operator response in case of emergency is crucial as it is 
the first who should take actions including informing and 
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coordinating other emergency services. For this reason, 
risk for tunnel users can vary greatly due to the great vari-
ability of tunnel operator responses and response times 
(Gandit et al. 2009). 

Experience from past accidents showed that the road 
tunnel operators were often not sufficiently prepared be-
cause they never experienced a major emergency event. 
While minor incidents occur daily, major tunnel accidents 
such as fires and explosions occur rarely. Some operators 
might experience such an event once in a career, some 
never; therefore, lacking sufficient experience they could 
not handle situation in an optimum way.

To sum up, interactions between traffic and ventila-
tion control and communication between tunnel users 
and emergency services can be complex and demanding 
to understand. Improper interaction can increase dam-
age and the number of fatalities (Carvel et al. 2009). For 
example, if air velocity is too high, more oxygen might 
help a fire spread faster or in the wrong direction - air 
might push smoke into tunnel users and emergency ser-
vices. One way to approach complexity of tunnel control 
is through proposed automated decision-making system 
(Alvear et al. 2013). 

The problem of efficient tunnel control could also be 
approached in a similar way as in the aerospace, chemical 
and nuclear industries – by training on computer simu-
lators. These industries have a long history of standard-
ized equipment testing prior to the commissioning and 
personnel training according to the standards IEC TS 
62603-1:2014 and IEC 62381:2012. In the standard IEC 
TS 62603-1:2014, Factory Acceptance Tests (FAT) and 
Site Acceptance Tests (SAT) it is specified what evalua-
tions must be carried out on Human-Machine Interfaces 
(HMIs), controllers, terminations, fields and process defi-
nitions; provisions for life cycle support, including person-
nel training are specified, also, a demo unit of a system at 
the site is suggested. 

The aim of this work is to develop a unified model 
of a road tunnel traffic, ventilation and evacuation. It can 
serve as a core of a computer-based simulator, which in-
cludes traffic, ventilation and evacuation sub-models that 
are computed in real time, representing a demo unit for 
a road tunnel. It could not only be applied for operator 
training, but also for evaluation of different accident sce-
narios during the tunnel design and risk analyses. There-
fore, an overview of state-of-the-art models that were con-
sidered to be incorporated into the simulator will follow 
in the next sections. 

1. Approaches to tunnel traffic, ventilation  
and evacuation modelling

1.1. Road traffic microsimulation

Microscopic models are detailed models that simulate 
individual vehicles. Since the simulator requires imple-
mentation of visualization, a lower level of detail than 
microscopic is not sufficient. The microscopic models are 
comprised of vehicle following and lane-changing models, 

except in some rare cases where 2D simulation is assumed. 
Among the most popular are the Fritzsche (1994), Wiede-
mann (1974) and IDM (Intelligent Driver Model) – Kest-
ing et al. (2007, 2010), Treiber (2013), Gipps (1981) mod-
els. It is common among them that speed, acceleration and 
longitudinal position are continuous variables and lateral 
position (lane) is a discrete variable. The Fritzsche (1994) 
and Wiedemann (1974) approaches to modelling repre-
sent real driver actions more realistically as they take into 
consideration physiological limitation of human drivers, 
especially in terms of ability to sense and react to changes 
in speed.

Most of the traffic microsimulation software uses a 
particular vehicle following model that cannot be changed 
or mixed with different models; for example, VISSIM 
(http://vision-traffic.ptvgroup.com) uses the Wiede-
mann model, paramics uses Fritzsche and AIMSUN  
(http://www.aimsun.com) uses a modification of the Gipps 
model (Wiedemann 1974; Fritzsche 1994; Gipps 1981). 
For research purposes Simulation of Urban MObility 
(SUMO) tool is becoming increasingly popular as it is 
open source and allows modifications to be made to any 
part of the code (Krajzewicz et  al. 2012). Even without 
modifications of the code, it provides many configuration 
options not usually found in other packages such as choice 
of a vehicle following, lane changing and emissions mod-
els and mixing of them in the same simulation scenario.

It is common among all these models that lane is a 
discrete variable and longitudinal position is a continuous 
variable. This causes some difficulties during visualization 
where smooth movements are required for realistic repre-
sentation. Similar issues are found when using such mod-
els in driving simulators, which often use 3D virtual real-
ity interfacing in order to provide realistic visualization for 
evaluation of driver responses (Wan et al. 2018). Real-time 
and faster computation is easily achieved using the traffic 
microsimulation models, where the road network is a sin-
gle road tunnel with surrounding road sections. 

1.2. Tunnel ventilation models

There are three basic approaches to simulating tunnel 
ventilation: 1D, zone and Computational Fluid Dynamics 
(CFD) models. 1D models are comprised of continuity, 
momentum and energy conservation equations. Simpli-
fied versions assume stationary conditions and use vari-
ations of the Bernoulli equation for flow estimation. A 
notable model of this kind is the IDA Tunnel Ventilation 
Model (Sahlin 1996; Sahlin, Grozman 2003). Zonal mod-
els assume zones of constant temperature and gas con-
centrations. Examples of those models are Consolidated 
model of Fire growth And Smoke Transport (CFAST) and 
Pressurized zOnal Model with Air-diffuser (POMA)  – 
(Haghighat et  al. 2001; Peacock et  al. 2013). The zonal 
models are semi-2D models that consider simplified spe-
cies transfer equations between the zones. Such approach 
would appear complicated in case of constantly changing 
boundary conditions due to moving vehicles.

http://vision-traffic.ptvgroup.com
http://www.aimsun.com
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Since road tunnels are comprised of a large area, de-
tailed simulation would be computationally demanding. 
Therefore, by sacrificing a certain degree of detail, sim-
plified models such as multi-zone emerged (Suzuki et al. 
2003). An advantage of the simplified models is that they 
take into consideration effects that are specific to the tun-
nels such as the piston effect that is caused by the vehicles 
pushing air in the driving direction. The 3D CFD simula-
tions of vehicle fires in bidirectional tunnels yield signifi-
cant impact of moving vehicles on fire dynamics (Caliendo 
et al. 2012a, 2012b). The increases of temperature around 
the fire was observed in the range of 12…29%. Apart from 
the air flow, tunnel wall temperature has a major effect 
on air temperature inside the tunnel and wall temperature 
conduction and radiation models are part of the 1D and 
multi-layer zone models as well.

There have also been attempts to simulate fires with 
virtual reality techniques, that were not specifically tar-
geted at road tunnels and the focus was not on real-time 
simulations (Xu et al. 2014). Instead, physical simulation 
of the fire and air movement was done in advance and 
the results were used for realistic visualization. The same 
approach was also applied to the road tunnels, where fire 
scenarios were simulated in advance with the Fire Dynam-
ics Simulator (FDS) and visualized using the 3D computer 
graphics (Cha et al. 2012). Such approach works on sce-
narios simulated and solved in advance, but does not show 
immediate impact of operator actions on the situation in-
side the tunnel.

The tunnel simulation models serve as a basis for 
design and evaluation of tunnel ventilation algorithms, 
which can be a demanding task even in the case of simple 
longitudinally ventilated tunnels when appropriate pres-
sure difference at the tunnel cross passages must be main-
tained. Too low pressure difference will cause smoke to 
enter the evacuation tube and too high pressure difference 
will require application of excessive force to open the cross 
passage door (Luin et al. 2011).

1.3. Evacuation models

Evacuation models can be divided into continuity, Cell 
Automata (CA) and multi-agent models. The continuity 
models are based on flow equations. CA models assume a 
mesh of cells that represents possible discrete positions of 
humans. Cell sizes are usually the size of a standing man 
and step sizes can be a cell or two, depending on walk-
ing speed. Multi agent models usually assume continuous 
position variables and each evacuating person is moving 
by the predefined rules or even artificial intelligence (Shi 
et al. 2009). Agents can have memory to remember and 
learn from past evacuation attempts.

Several applications of tunnel evacuations modelling 
have been carried out (Caliendo et al. 2012a, 2012b; Ca-
pote et  al. 2013). The most obvious problem for tunnel 
evacuation scenarios is that accident position and vehicle 
distribution is always different in each event. Therefore, 

initial conditions should be obtained from the traffic and 
ventilation models. The simulations were carried out using 
different cell evacuation models with 0.5 m wide square 
cells and the results were consistent among all the models. 
Therefore, if evacuation model is sufficiently tuned, the 
results should be realistic given the initial conditions are 
appropriately defined.

An advantage of cell models is also that they are com-
putationally undemanding and are suitable for simulations 
much faster than real-time, which means many simulation 
runs can be evaluated for risk assessment and optimiza-
tion purposes.

2. Integrated tunnel model

In real tunnels communication system consist of a physi-
cal layer and networking protocols that are used to con-
nect controllers and cameras. In modern tunnels equip-
ment is usually controlled through a ring fibre optic 
ethernet connection to ensure redundancy. The data is 
fed to the server-side application; in our example, a data 
forwarder or a central controller stores states of the entire 
tunnel equipment by communicating with tunnel equip-
ment Programmable Logic Controllers (PLCs) and sup-
plies the data to subscribers such as Supervisory Control 
And Data Acquisition (SCADA) user interface, remote 
monitoring systems, data log recorders, etc. The tunnel 
PLCs are used to control all the tunnel equipment, such 
as ventilation fans, lighting, traffic signalization (Variable 
Message Signs – VMS, traffic lights) and environmental 
sensors (visibility, air quality). It also stores data history in 
the Structured Query Language (SQL) database that can 
be used for analysis of equipment malfunction or inci-
dents. In Figure 1, an overview of the system is shown.

In the simulator, the tunnel is replaced by a computer 
model that behaves as a virtual tunnel, capable of simulating 
physical phenomena, sensors and PLCs. The components 
are also connected using Ethernet connection and TCP/IP  
protocol. As opposed to the real tunnels, where sensors 
are connected directly to controllers that interface them to 
a data forwarder through TCP/IP protocol, in the simula-
tor a communication module replaces the PLCs and com-
municates with the data forwarder application (Figure 2).

Key simulator components are the user interface, the 
communications system and the simulator core. The over-
view of the architecture is shown in Figure 2. The HMI 
is comprised of operator and instructor user interfaces. 
Operator user interface is an exact replication of a control 
room workplace with all the screens that are used by the 
operators: video surveillance system, SCADA display, vid-
eo detection interface, dangerous goods vehicle detection 
system, etc. The SCADA system did not need any modifi-
cations, as opposed to the video detection and surveillance 
systems that had to be replaced by simulated modules. The 
video processors are not needed in the simulator since the 
data can be obtained directly from the simulation core.
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2.1. Simulator core models

The simulator core is the most vital part of simulator. It 
is comprised of physical and other phenomena models 
that occur in a tunnel during simulated training sessions. 
These include models of all tunnel equipment. Among 
phenomena that are simulated by the simulator core are 
traffic, ventilation and meteorological conditions models 
and an evacuation model.

The core models have been implemented in C++ 
programming language for performance reasons, but 
simulation state exports may be exported in MATLAB  
(https://www.mathworks.com), SQL database or comma 
separated value file format. Core models are implemented 
in different parallel threads that require synchronization 
of the data.

Data flow of boundary conditions can be seen in the 
Figure 3. Interconnected models mean that the state of 
one model is the boundary condition of the other one and 
vice versa. For example, the ventilation model includes the 

fire model, which may limit visibility and driveability con-
ditions. On the other hand, moving vehicles in the traf-
fic model push air in the driving direction, causing the 
piston effect and influence longitudinal air flows through 
the tunnel.

In Figure 4, mappings between different coordinate 
systems in each of the models are illustrated. The ventila-
tion model is represented as a topology of pipes inside, 
which simulation is carried out in 1D, the traffic model is 
represented as a road network topology, but for visualiza-
tion purposes vehicle positions are assigned between as a 
set of 3D arrays of points for each lane. The evacuation 
model is a 2D mesh of cells. Therefore 3 transformations 
had to be defined:

 – A – between traffic and ventilation model;
 – B – between ventilation and evacuation model;
 – C – between evacuation and traffic model.

Different coordinate systems of the models also include 
differently split sections. For example, single traffic section 
may be divided into two different ventilation sections as it 
is shown in the Figure 4. This is the consequence of differ-
ent tunnel cross-sections. For example, a three-lane traffic 
section may be in circular and perpendicular tunnel tube 
or even a section with a cross-passage.

Figure 1. Tunnel control system

Figure 2. Simulator architecture
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2.2. Ventilation model

Due to real-time processing requirements, the ventilation 
model that was used is a 1D ventilation model similar to 
that described in research by Petelin et al. (2010), except 
that it was generalized to support multiple branches that 
represent multi-tube tunnels and cross passages. The road 
tunnel chosen in the model contains underground road 
junctions, therefore it was represented as pipe branches 
and junctions shown in Figure 5.

The pressures p1 to p4 at the junctions 1 to 4 and air ve-
locities v1, v3 and v4 in branches 1, 3 and 4 are connected 
using the equations:

1 2 ,1 ,1 ,1 ,1piston fans meteo fricp p p p p p− = ∆ + ∆ + ∆ + ∆ ;

2 3 , 3 , 3 , 3 , 3piston fans meteo fricp p p p p p− = ∆ + ∆ + ∆ + ∆ ;

2 3 , 3 , 3 , 3 , 3piston fans meteo fricp p p p p p− = ∆ + ∆ + ∆ + ∆ ,  (1)

where: pistonp∆  is piston effect caused by the vehicles; 
fansp∆  is pressure increase due to fans; meteop∆  is impact 

of meteorological conditions; fricp∆  is friction on the tun-
nel walls. 

When air velocities are calculated from the pressure 
equations, the species movement (combustion products, 
exhaust gases, smoke) are calculated using cells of a 1D 
grid. The pressure drops pistonp∆ , fansp∆ , meteop∆  and 

fricp∆  are all functions of longitudinal air velocities vi. 
Species concentration in i-th cell changes in a single time 
step dt according to:

( )ic t dt+ =

( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

i i i in in in i out i

i i in in out out

c t V t c t V t c t V t
V V t V t

⋅ r + ⋅ −⋅ r⋅

⋅ ⋅ ⋅

r ⋅

r + r − r
,  (2)

where: ci, ri, Vi are mass specific species concentration, 
density and volume of i-th cell; cin, rin, Vin represent 
concentration, density and volume of inflow from neigh-
bouring cells; Vout is volume represents flow out of the  
i-th cell.

The time-step during the simulation was limited by:

( )0, ...,
max

n

lt
max v v

δ < ,  (3)

where: l is section length; vi is air velocity in i-th section.

The 1D model has the shortcoming of not being able to 
simulate vertical smoke movement, therefore a simplified 
approach was used in order to mimic smoke stratification 
behaviour, which is important for the tunnel operators to 
understand. It was achieved by simulating smoke vertical 
movement depending on the longitudinal air velocity.

2.3. Traffic simulation model integration

Since vehicle following and lane changing models are gen-
erally known and are well studied, this section will deal 
only with problems related to implementation of simu-
lation in the integrated model of a tunnel related to 3D 
visualization. Most vehicle following models assume space 
is a continuous variable and it can therefore be visualized 
smoothly and continuously if at least 20 iterations/s are 
calculated to achieve smooth perception of the visualiza-
tion.

To the contrary, a majority of lane change models 
consider lane a discrete variable that either changes in-
stantly or the vehicle remains in a transition state for a 
certain period of time. In either case, visualization is not 
smooth if standard models like Fritzsche or MOBIL are 
used unless intermediate position interpolation is carried 
out (Fritzsche 1994; Kesting et  al. 2007). Another solu-
tion for smooth visualization would be development of a 
true 2D traffic model, but that would make sense only if 
drivers often ignore lane markings in the simulated area. 
In Figure 6 continuous and discrete lane change is shown.

Discrete lane changes are convenient for traffic flow 
analysis as they are not computationally demanding. On 
the other hand, they don’t provide all the necessary infor-
mation that is needed for smooth visualization.

The model had to provide 3D visualization, which re-
quired interpolation from 1D to 3D space regardless of 
which type of lane change model was used. This implies 
the use of a discrete model that is less computationally 
demanding and very common for simulation of driver-
vehicle agents.

As can be seen in Figure 7:

( ), , ,, ,ij x ij y ij z ijc c c c=


  (4)

represents lane centres, where i is lane number (starting 
with 0 on the right) and j is a subsequent point; points at 
the same index j are linear and they lie on a line that is 
perpendicular to the longitudinal road axis; the array of 
points:

( ), , ,, ,ij x ij y ij z ije e e e=


  (5)

defines road edges starting with the rightmost edge.
After the road geometry is defined, vehicles have to 

be sorted in order to provide neighbouring vehicle posi-
tions for the traffic model. A sorting algorithm is based on 
sorting distance, defined as maximum length from entry 
into the road network. Sorting distance is a continuously 
increasing value increasing from the input into road net-
work and is illustrated in the Figure 8.

Figure 5. Ventilation model sections
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After the vehicles are sorted, neighbouring vehicles 
on adjacent lanes can be determined. Vehicles that are of 
interest for lane change and vehicle following algorithms 
are: front–left, front, front–right and rear. Adjacent vehi-
cles are shown in Figure 9.

2.4. Visualization of simulation outputs

The simulation results are post-processed and visualized 
in several ways:

 – in operator HMI (SCADA, video-detection interface 
and video-surveillance 3D display);

 – in instructor HMI (tunnel state, reports, time-value 
plots).

A video surveillance simulation module is a 3D 
computer graphics display that serves as a substitute for 
surveillance monitors that are being used by the tunnel 
operators to acquire information about situations in the 
tunnel. It renders states of the tunnel model in 3D space; 
therefore, every simulated object must have 3D coordi-
nates and orientations defined in the simulator core it-
self. The visualization should be refreshed at about 20–30 
frames/s in order to achieve a visually pleasant result for 
the observer.

Each model has its own time step, which may be long-
er than the maximum allowable time step for visualization 
and since visualization module data is synchronized at 
fixed time-steps, it is necessary to carry out interpolation 
of object movement, including translation and orientation 
changes between synchronization time-steps.

In Figure 10, vectors representing object positions are 
shown, where ( )x t  is the position of an object in the sim-
ulator core and ( )y t  is the visualized object. When change 
in speed ( )v t  occurred at time 2 T dt⋅ + , the movement 
of an object in the visualization continues along its way, 
but in such a way that visualized and simulated positions 
are synchronized by the next timestep. This is achieved by 
calculating object speed as:

x yv
T
−

=
 



.  (6)

Visualization of sensor and equipment states and 
control of tunnel equipment is achieved using the same 
SCADA interface as in a real control centre, but is con-
nected to a computer-based simulator instead of to real 
tunnel controllers. The interface can be seen in Figure 11. 

Figure 6. Continuous (a) and discrete (b) lane change

Figure 7. Definition of lane geometry

Figure 8. Definition of lane geometry

Figure 9. Adjacent vehicles and distances
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It is used to supervise and control ventilation, VMS, traf-
fic lights, illumination, power supplies, firefighting equip-
ment and incident detection. 

The third video detection alarm interface that is used 
to control video surveillance is an exact replication of na-
tive interface using and showing notifications and alarms 
in exactly the same way. The data that is usually provided 
by the video processors is provided by the simulator core 
based on the traffic and ventilation simulation outputs:

 – speed measurement, standing vehicles, static objects 
on the road;

 – visibility, smoke concentration.

2.5. Ventilation model tuning and validation

The most difficult part of the unified model to be cali-
brated is the ventilation model. It was carried out by com-
paring the results with the IDA Road Tunnel Ventilation 
Model (Sahlin, Grozman 2003). Variables observed during 
the model tuning were: air velocity, air temperature, wall 
temperature and extinction coefficient (smoke concentra-
tion).

Air velocity calculations using the IDA model and the 
simulator under the same conditions show similar results 
that can be seen in Table.

Air temperature growth after fire can be observed in 
the Figure 12. Since air flow direction is from left to right 
and as the tunnel walls heat, the hot area increases in the 
direction of the air flow. Tunnel walls are the main source 
of cooling during the tunnel fire.

A comparison of the air temperature profile obtained 
with the IDA road tunnel ventilation and with a real-time 
simulator is slightly different for several reasons (Fig-
ure 13):

Figure 11. Operator SCADA interface

Figure 12. Air temperature profile during 50 MW fire

Figure 13. Air temperature compared to IDA tunnel model
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 – in the real-time simulator, traffic does not stop im-
mediately, thus influencing the air speed;

 – meshing is different;
 – in IDA ventilation fans are controlled at constant 
speed; in the tunnel simulator ventilation is con-
trolled according to the tunnel algorithm.

Table. Comparison of simulated longitudinal air speeds during 
same conditions

Tunnel section
Longitudinal air speed [m/s]

IDA model Simulator

3-lane tube 5.9 5.94

2-lane tube 5.5 5.32

exit ramp 4.6 4.69

3. Applications of the model

3.1. Operator training simulation

The purpose of a simulator is to replace the operator 
workplace in a control centre with a simulated workplace, 
providing exactly the same user interface. Therefore, origi-
nal SCADA interfaces that are being used for operational 
tunnels were used and connected to the simulator instead 
of to a real tunnel control network. A view of a simulated 
and a real workplace can be seen in Figure 14. The only 
difference is that video surveillance is replaced with a 3D 
rendering of the situation in the tunnel while maintaining 
exactly the same camera control interface that supports 
zooming and rotating.

Operators are supervised by the instructors through 
a special interface during training. The instructor user 

interface has the capability to control the simulation vari-
ables, define scenarios and supervise the situation in the 
tunnel during the training. The instructor is able to adjust 
weather conditions, traffic density, cause traffic incidents 
or disable systems. In the end the instructor is supposed to 
determine if the operator’s actions were satisfactory.

Assessment of simulation outputs should answer the 
question of how effective the operator responses were and 
if the rules and procedures are being followed. This can 
be evaluated by observing compliance with regulations 
by the instructors or how many road users survive and 
how many are subjected to danger by observing variables 
such as road user and vehicle positions, vehicle speeds, 
air temperature and smoke concentrations. To avoid this 
problem, a parameter an Immediate Danger for Life and 
Health (IDLH) area is observed throughout the simula-
tion. In Figure 15, vehicle positions and the IDLH area are 
shown over 450 s. The vehicles at given distance are shown 
as colour dots, depending how many vehicles at given dis-
tance are there in parallel. After about 60 s the traffic is 
completely stopped and vehicle position points are at con-
stant positions, forming horizontal lines. Few vehicles are 
affected by the fire, since most of them stopped in time. If 
air flow was not in the direction of the traffic, the IDLH 
area would be covering stopped vehicles, thus resulting in 
more damage. Therefore, the conditions in the Figure 15 
show good response of the tunnel control system.

During the simulator development, the exact geometry 
of the tunnel was defined with cameras at the same posi-
tions as in the real tunnel, so the operators could observe 
the events through familiar views.

The operators are able to learn how to read impor-
tant parameters in the tunnel and study the interaction 
of different systems such as ventilation control, traffic and 
environmental conditions. The interactions between the 
systems are complex and can result in unsuccessful emer-
gency services intervention or loss of lives if not managed 
properly.

Figure 14. Operator workplace (a) and simulator (b) Figure 15. IDLH area during fire simulation scenario
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3.2. Case study: tunnel control optimization

An example of tunnel control optimization using the in-
tegrated tunnel model can be derived from the study of 
the Trojane tunnel fire accident that occurred in Slovenia 
in 2010 as it exposed some weaknesses of the installed 
tunnel control system (Luin et al. 2011). The Trojane tun-
nel is a twin-tube motorway tunnel that is situated on the 
Slovenian A1 motorway, which is part of trans-European 
road network and represents an important east-west link 
on the 5-th corridor. The road is subject to heavy traffic 
with yearly daily average of 37000 vehicles, among which 
29% are cargo vehicles.

The incident started after a Heavy Goods Vehicle 
(HGV) broke down and stopped inside the tunnel. The 
incident detection system recorded the incident and au-
tomatically lowered speed limit and closed down the in-
cident lane. According to the data that was obtained from 
the video surveillance system, especially the truck driv-
ers maintained too short headway distance and drove at 
too high speed. Consequently, several vehicles collided, 
which resulted in an HGV fire that occurred 570 m from 
the entry portal. The evacuation of the tunnel users was 
meant to carry out through the emergency cross passage 
and the sidewalk of the opposite-direction tube, but dur-
ing the incident the ventilation system did not assure 
smoke-free evacuation path due to unknown reason at a 
time, although it was discovered that everything operated 
according to the design procedure. The smoke that was 
supposed to be extracted longitudinally, in the direction 
of the traffic where no tunnel users remained, entered the 
cross passage and moved into the opposite tube. The situ-
ation is shown in the Figure 16.

To identify the cause of unexpected spreading of 
smoke and to improve the tunnel ventilation control and 
incident management, the integrated tunnel model with 
the simulator was used. In order to replicate the condi-
tions, it was necessary to define vehicle positions as they 
were observed from the video recordings. As it is shown 
in the Figure 16, 4 heavy vehicles formed a jam right after 
the cross passage, which resulted in pressure increase in 
the incident tube. After simulating the fire event, follow-
ing relative air pressure that is shown in the Figure 17 was 
obtained.

It is obvious that at the distance of 500 m from the 
entry portal, the pressure in the incident tube was higher 
than in the empty tube although according to the design 
strategy it was supposed to assure that the empty tube is 
pressurized relative to the incident tube. Apparently, the 
collided heavy vehicles and 4 ventilation fans at the begin-
ning of the tunnel yielded pressure difference of about 6 
Pa, which resulted in smoke movement towards the empty 
tube. 

It was verified if higher pressure was predominantly 
due to the standing vehicles and therefore the simulation 
was repeated under assumption of the empty tunnel tube. 
The results are shown in the Figure 18, where the ventila-
tion system still causes similar conditions, except that the 
pressure difference drops to 4 Pa. This means that even 
in an empty tunnel the designed emergency ventilation 
control system does not function adequately if the first 
cross passage is used.

To achieve sufficient pressure difference in case a fire 
occurs in the first 1000 m of the tunnel, the solution was 
to switch on only a single pair of fans at the tunnel en-
trance thus obtaining conditions in the Figure 19. This 
way about 2 Pa higher pressure is obtained in the empty 
tube even though there are heavy vehicles stopped after 
the cross passage.

The described example shows that the conditions in 
the tunnel are influenced by a complex set of variables de-
fined by the traffic, ventilation, meteorological conditions 

Figure 16. Vehicle and positions and fan operation during the incident
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Figure 17. Pressure distribution during the incident
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and tunnel equipment operation. The integrated model of 
the road tunnel traffic, ventilation and evacuation provides 
possibility to study complex scenarios that may occur in 
the tunnels and improve and optimize control algorithms 
so they can provide adequate evacuation possibilities dur-
ing normal operation and during emergency conditions.

Conclusions

The simulator that is based on a real-time tunnel model 
provides a novel tool for evaluation of new equipment 
and HMI in road tunnels and also for more efficient and 
comprehensive road tunnel operator training. The simula-
tor training enables the operators to become familiar with 
the user interface they will encounter at their workplace. 
However, the most important benefit of simulator training 
is increasing preparedness for emergency situations that 
have the potential to result in a large number of fatali-
ties and material damage. Operators can train critical sce-
narios on simulators and practice actions that should be 
taken in case of emergency. This way they gain significant 
experience they will need in case a major accident occurs 
and they are the first to take action and properly inform 
emergency services.

Apart from road tunnel operator training, the model 
can be used for validation and optimization of tunnel con-
trol procedures that should be carried out during the tun-
nel design. It was shown on a case study of a real accident 
that the integrated tunnel model is a useful tool to identify 
causes of tunnel control malfunction and to obtain solu-
tions to the tunnel control problems.

Key distinction of the presented approach from other 
modelling attempts found in the reviewed literature is the 
integration of different models and the simplification of 
the traffic, ventilation and evacuation models in order to 
build a unified model that is computationally undemand-
ing and can be executed in real time or faster. This way it 
is possible to evaluate large sets of different scenarios for 
optimization and risk analysis purposes. 

A merged model has some drawbacks, such as that the 
ventilation model is very simplified and is mostly accu-

rate in 1D. If a true 3D CFD model was used, simulation 
would be more realistic, but it would be extremely diffi-
cult to achieve real time operation, especially merged with 
traffic and evacuation models that would imply constantly 
changing geometry and boundary conditions.

In the future, the model could be improved to be used 
as a risk analysis tool by executing multiple simulation 
runs in order to estimate damage to the tunnel and fatali-
ties among tunnel users under different scenarios. An at-
tempt for an improved, 3D ventilation model would also 
be useful in order to improve accuracy as the computer 
hardware is quickly developing and Graphic Processing 
Units (GPU) nowadays provide a cost-efficient possibility 
for parallel computations.

Acknowledgements 

We are expressing gratitude to Urban Džindžinovič for 
collaboration during 3D visualization development and 
Savin Gorup from company “ASIST avtomatizacija siste-
mov d.o.o.” (Slovenia) for detailed data on tunnel control 
system communication.

Funding 

This work was supported by the ARRS under Grant  
L2-2324; and DARS, d.d. under Grant 29/20010. 

Author contributions 

Blaž Luin developed and tuned the unified model and 
performed adaptation for communication with real tun-
nel human-machine interfaces. 

Stojan Petelin took care of project leadership and su-
pervised the implementation and testing.

Disclosure statement 

The authors have no competing financial, professional, or 
personal interests from other parties.

Figure 18. Pressure distribution during the incident Figure 19. Pressure differences between the tubes after 
optimization of the algorithm
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