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Abstract: Managing a major event in a road tunnel requires more resources than an open-air event.
In the case of fire, the confined environment of road tunnels can represent a critical situation for both
users and rescuers. The safety level of a tunnel can be estimated by using dedicated risk models
that consider, on the one hand, the traffic (type, quantity and distribution) of a tunnel and, on the
other hand, the structural and plant safety measures. According to the European Directive, road
tunnel managers can adopt additional safety measures aimed at increasing the level of safety for users
exposed to the consequences of an accidental event. One of these measures is the rapid intervention of
emergency teams located in the proximity of the tunnel. These teams use pick-up and scooter vehicles
properly equipped to cope with a fire event and have detailed knowledge of the specific tunnel
system. A further advantage of the emergency teams is the possibility of supporting the evacuation
of tunnel users by providing indications on emergency exits, bypasses and safe places considering the
evolution of the specific event. In this perspective, the present research contributes to the evaluation
of the emergency teams’ effectiveness. Thus, the emergency team was included as a safety measure
within a risk analysis model for road tunnels developed by the authors in previous works. After
an analysis of the technical and scientific literature, we focused on 15 interventions carried out on
some highway tunnels in Italy between the year 2019 and the year 2021. The intervention times of
the teams were analyzed using data provided by Strada dei Parchi S.p.A., a company that manages
14 highway tunnels in Italy. These 14 tunnels range in length from 589 m to 10,121 m and are subject
to the European Directive. The observed intervention times of the emergency teams range between
2 min and 10 min with an average value of 5.9 min. Such a short intervention time is possible because
emergency teams are in the proximity of the different tunnels. Because of the short intervention time
and the training of the personnel, all the fires were properly managed by the teams. Furthermore,
considering the results of the scientific literature and the data presented in this work, it was possible
to estimate and validate an effectiveness value (higher than 90%) of the emergency teams to be used
within the risk analysis model developed by the authors and which can also be used in other risk
analysis models.

Keywords: road tunnel; emergency management; emergency team effectiveness; tunnel safety; tunnel
resilience; tunnel operation; tunnel accident; fire fighter; highway tunnel

1. Introduction

Road tunnels are elements of a route that allow an improvement of the plano-altimetric
coordination of road sections, reducing, for example, slopes, distances to be covered and
fuel consumption, but, at the same time, they can represent a safety problem in the case of
a major accidental event. Tunnels also play an important role in urban areas: they allow us
to reorganize traffic in the city and thus to rethink city spaces, making them more people
friendly [1].
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In Europe, after the event in the Mont Blanc Tunnel in 1999, which caused 39 deaths and
considerable structural damage, the European Community issued Directive 2004/54/EC
on minimum safety requirements for tunnels in the TERN (Trans European Road Network)
longer than 500 m [2]. Other tragic events took place in european tunnels, such as in the
Gotthard (Switzerland), the Tauern (Austria) and the Fréjus (Italy-France) Road Tunnels
in years 2001, 2002 and 2005, respectively. These events have further raised public and
political awareness of the importance of a proper management of these infrastructures,
underlining their importance on a human, economic and cultural level.

It is important to underline the fact that some European road tunnels entered into
service many years ago. These tunnels were designed at a time when transport conditions
were less challenging, but also knowledge and technical possibilities were very different
from today. The regulations and technical standards for tunnel design and construction
were also different from the current ones. Traffic volumes have grown significantly, and
types of vehicles and the percentage of heavy vehicles have also changed: in some cases,
the number of heavy vehicles accounts for as much as 50% of total vehicles.

The increase in traffic volume (light and heavy vehicles) can increase the likelihood
of an accidental event while the presence of heavy vehicles can affect the consequences
of the event: in general, heavy vehicles are characterized by large fire loads and thus
have the potential to pose serious safety risks to tunnel users and to cause damage to
the infrastructure.

Accidents in tunnels are rarer than on other open sections of the road network because
the tunnel itself calms traffic [3]. In general, drivers passing through a tunnel reduce speed
and increase the distance from the tunnel wall. Along short tunnels, with reduced driving
speed, drivers’ vigilance and attention are higher than in longer tunnels because, in this
case, monotonous driving can lead to boredom and fatigue [4-8]. The probability of an
accident occurring in a tunnel is less (about half) than on open road sections [4]. However,
the severity of the consequences of an accident in a tunnel can be significantly higher than
on open sections of highway, as also reported by [9,10]. In addition, due to the confined
environment, accidents in tunnels are often more difficult for rescue services to manage [11].

For this reason, the European Directive 2004/54/EC introduces the concept of a
“tunnel system” that includes the interactions between (i) traffic, (ii) structural and plant
equipment, (iii) management procedures, (iv) structural elements and (v) surroundings.
In this regard, this paper is concerned with management procedures with a focus on
emergency teams during a relevant event. An important element is the surrounding
environment that could affect the accessibility of a tunnel by emergency services: for
example, a tunnel located between two viaducts may not have alternate access routes. The
accessibility of rescue vehicles must be taken into account when designing road tunnels [4].

The directive also requires risk analysis as a quantitative tool to evaluate the conse-
quences of the fire scenarios that could occur as a result of accidental events. Therefore,
risk analysis can be summarized as an analytical process that consists in identifying the
answers to the following three questions [12,13]:

What could happen inside the tunnel system?
What is the probability of occurrence of the event?
Having established that the event occurs, what are its possible consequences?

The various safety measures should allow potentially affected users to react immedi-
ately to avoid more serious consequences, for example, by escaping (evacuation), and at
the same time ensure the effective action of the emergency services.

According to a report of the Ministry of Transport [14], more than 50% of Italian road
tunnels belong to the TERN network [15]. The situation is multifaceted because there are
new tunnels (built in the last decade), but also several tunnels designed and built decades
ago. This situation implies that the modernization process of tunnels at national level
requires enormous efforts from both organizational and economic points of view.

A major accident in a tunnel not only affects the users (exposed population) inside
the tunnel but can also have short- or long-term social and economic effects that occur



Sustainability 2022, 14, 15491

3 0f24

in a larger area (region or state) following the closure of the tunnel. These effects may
be associated with the reduction in freight and passenger traffic (including tourists) and
the increase in travel time caused by the detour of traffic to other alternative modes of
transport. It is important to consider the potential impacts on the socio-economic system
of one or several countries, depending on the relevance and location of a tunnel, which
might be part of an interregional or cross-border corridor. In particular, direct and indirect
economic losses should be considered in the event of an infrastructure disruption [16-18].

Consequently, by knowing the characteristics of a tunnel system it is possible to assess
its resilience in the case of a major event, not only with reference to potential damage to
tunnel users, but also to the effects of the more or less prolonged closure period necessary
to return to normal traffic conditions.

The resilience of a transport infrastructure after a major event has been investigated in
numerous studies, in some cases with specific reference to the assessment of the resilience
of a road tunnel [19,20].

In the scientific literature, there are several definitions of resilience. One of these
defines resilience as “the ability of an entity—for example, asset, organization, community,
region—to anticipate, resist, absorb, respond, adapt and recover from a disruption” [21]. In
fact, the resilience of a system can be defined through the analysis of the four components
illustrated in Table 1.

Table 1. Components of resilience from [21].

Preparedness

Mitigation Response Recovery

Activities taken by an entity to
define the hazardous
environment to which it
is subject

Immediate and ongoing
activities, procedures and
systems that have been
undertaken or developed to
manage the adverse effects of
an event

Activities and programs
designed to effectively and
efficiently restore conditions
to a level that is acceptable to
the entity

Activities taken prior to an
event to reduce the frequency
or the severity of a possible
accidental event

With reference to a road tunnel, it is possible to study the resilience as shown in
Figure 1. Following a relevant event (e.g., fire) the tunnel system is interrupted until the
event is solved and the infrastructure is recovered for the safe passage of vehicles. The
blue line represents the operation of the tunnel. The first horizontal section concerns
a normal situation in which it is possible to implement the actions related to efficient
preparedness [22].

The red symbol identifies the moment in which an unwanted event (accident) occurs:
it can be observed that the blue curve goes down because the tunnel operation is influenced
by the event. The traffic will be reduced or blocked, and the tunnel will not be available for
a certain period of time.

During the management of the event, and mainly during the mitigation and response
phases, emergency teams are activated and can provide a relevant contribution, especially
in the case of fire: their intervention concerns the control/extinguishing of the fire and the
assistance to users in the evacuation process [23]. In fact, one of the main factors related
to emergency response is the proximity of the firefighter brigades [24]. More generally,
for risk analysis, it is necessary to consider both the users” human behavior and the effect
of several safety measures available in the tunnel: these two aspects contribute to reduce
or avoid the possibility that the evolution of the scenario may worsen, causing damage
to people and infrastructure. Some authors investigated the behavior of tunnel users in
presence of a fire inside road tunnels and developed models to investigate how occupants
respond to a fire emergency [25-27].

In the present work, the aim is to analyze the effectiveness of emergency teams by
taking into account two components of resilience: response and recovery. The emergency
teams represent management measures that can be adopted to ensure an adequate level
of safety. This kind of measure was adopted by some Italian tunnel managers during the



Sustainability 2022, 14, 15491

4 of 24

tunnels’ modernization process to ensure an adequate level of safety. For instance, in the
study of [28], a computational fluid dynamics (CFD) modeling is adopted to assess the
effectiveness of emergency teams equipped with a micronized water system. Specifically,
the process of evacuating users from a tunnel in the event of a fire was simulated to evaluate
the use of an emergency vehicle equipped with a micronized water system to cope with a
fire. The results of the study showed that the use of the micronized water system could
improve environmental conditions during the egress by increasing visibility and reducing
temperature, radiative heat flux and concentration of CO and COs.
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»
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Figure 1. Tunnel performance and resilience components of a tunnel system before, during and after
an accidental event. Adapted from [21,29,30].

With reference to the concept of resilience, a computational fluid dynamics (CFD)
model is developed in the work of [31] to analyze the effects of a tunnel serviceability
recovery strategy that could affect user safety. Specifically, the user egress process is
simulated to assess the level of risk for different types of fires; such fires could occur on
the undisrupted lane of a partially closed tube tunnel because of a traffic accident or in the
parallel tube if used for bidirectional traffic, i.e., in the case of complete closure of the tube
involved in the accident.

The main aim of this work is to analyze and verify the value of the emergency teams
effectiveness adopted in the risk analysis model developed by the authors [32-34]. In fact,
in this model, the presence of emergency teams is also considered as a safety measure
(thus it is included in the event tree). This work is done by considering and comparing
the literature data and data collected on 14 Italian highway tunnels. The main novelty
of this research is in the critical analysis of real data of emergency team interventions to
quantitatively evaluate the effectiveness in the case of fires. In this way; it is possible to
validate the developed risk analysis model and specifically to propose a value for the
effectiveness of emergency teams that can also be used in other models. As better discussed
in the next sections, the effectiveness of emergency teams depends on: (i) training of the
personnel, (ii) quality and reliability of the equipment and (iii) intervention time. The
training of the personnel includes not only the knowledge of firefighting methods but also
of the specific tunnel system. A very important issue is the intervention time of the teams:
it is the sum of activation and travel times, with the second contribution representing the
time needed to reach the place where the accident occurred. The activation time depends
on the type of detection systems available inside the tunnel. The travel time depends on the
distance between the position of the accidental event (fire) inside the tunnel and location
of the emergency teams (facility); this time could be affected by the traffic congestion that
can reduce the speed of emergency teams. This work demonstrates that if the intervention
time is limited (under specific thresholds) the effectiveness of well-equipped and trained
emergency teams is very high. Under these assumptions, it is possible to adopt such value
in a quantitative risk assessment model.

7
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Moreover, from a practical point of view, the use of emergency teams must be evalu-
ated according to the specific needs of the tunnel manager. For example, the emergency
teams can be adopted at two typical cases: (i) during the process of modernizing a tun-
nel and thus during a road work when risk factors may increase and (ii) for tunnels
characterized by specific risk factors (e.g., length, traffic, etc.), thus requiring additional
safety measures.

The paper is organized as follows: (i) Section 2 (background), which deals with the
analysis of the technical-scientific literature with reference to emergency team effectiveness
and to the concept of resilience applied to road tunnels; (ii) Section 3, which analyzes and
discusses the effectiveness of 15 emergency team interventions that occurred in tunnels
belonging to the A24/A25 highways in central Italy; (iii) Section 4, in which there is a
comparison of the acquired data on emergency team effectiveness with the literature data;
and (iv) conclusions and further developments of the work.

2. Background

In a previous work, the authors analyzed the effect of the adoption of emergency
teams as a measure to significantly reduce the societal risk of a representative highway road
tunnel; the resulting F-N curves (i.e., representing the cumulated frequency of occurrence
as a function of the predicted number of casualties) were compared to the ALARP (as low
as reasonably practicable) acceptance criterion [35].

In the work of [36], safety in rescue operations is considered. In one-way tunnels,
the tube not affected by an event can be used for the accessibility of rescue vehicles. In
bidirectional tunnels, on the contrary, rescue service vehicles are forced to use the tunnel
portals to reach the point where the event occurred. For all tunnels, the rescue service
must arrive and start the emergency operation quickly, within 7 min, and then support the
evacuation process of the users [36].

In the model proposed by Austrian Research Association for Roads, Railways and
Transport (FSV), the fire service arrival time is considered. The arrival time is the lag time
between the perception of an event and the arrival of the first emergency services in the
location. This time is composed of the signaling time, alarming time and travel time. The
impact of emergency teams in the FSV risk analysis is taken into account, considering
average conditions: starting from practical experience the average arrival time of fire
service is 15 min [37].

The PIARC (Permanent International Association of Road Congresses), within the
Technical Committee C3.3 Road Tunnel Operations, dealt with the management of tunnel
emergencies. The studies and analyses carried out on fires in road tunnels in recent decades
indicate that it is possible to classify the development of fires in three categories:

e  Category 1: even without external intervention, the power of these fires is unlikely to
cause injury to tunnel users;

e  Category 2: these fires are likely to cause casualties among tunnel users. Although they
present considerable difficulties, the fire and rescue services are still able to intervene;

e  Category 3: the power of these fires is so high that even well-equipped firefighters
cannot risk an approach.

The heat release rate of a developing fire is related to its duration. Regardless of the
duration of the fire, it is reasonable to estimate that a motorcycle or small car fire will
remain in category 1 even without the intervention of the fire brigade. A truck fire may, for
example, remain in category 1 for the first 3 or 4 min. Then, as the fire develops, it can move
to category 2 for the next 8-10 min before moving to category 3 as shown in Figure 2. It
should be noted that a major accident could instantly give rise to a fire category 2 or 3 [38].
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Figure 2. Categories of fires inside tunnels. Adapted from [38].

Regarding the causes of fires in road tunnels, several researchers have addressed the
topic. In the study by [39,40], it emerges that out of 69 road tunnel fires analyzed, 48 (69.6%)
were single fires and 21 (30.4%) were collision-caused fires. This percentage is in line with a
preliminary study conducted by [35] on 14 Italian highway tunnels.

ASFINAG, the Austrian operator of highways and motorways, performed a study
in the period 2006-2012 showing that about 90% of fires can be classified as spontaneous
ignition, while 7% were caused by collisions [41].

The features of vehicle fires in Norwegian road tunnels that occurred from 2008 to
2011 are described in [42]. Specifically, the study analyzed the locations along the tunnel
where fires occurred and showed that technical failures were the most frequent cause of
fires and smoke cases (without fire) in heavy vehicles. Single-vehicle crashes and collisions
are the most frequent cause of fires in vehicles weighing less than 3.5 tons.

A PIARC analysis [43] summarizes that vehicle failures (e.g., mechanical and elec-
trical) are the leading cause of vehicle fires. The study also highlights the importance of
considering the slope of the tunnel, the length of the sloping section and the slope of the
sections leading into the tunnel as important characteristics able to affect the probability of
a fire.

A statistical study on fires in Chinese road tunnels during 2000-2016 was performed [44]
by considering causes, characteristics and consequences. The analysis showed that 62% of
the fires were caused by vehicle technical failures (specifically, 22.2% were caused by engine
fire, 17.7% by tire fire, 6.5% by electrical circuit fire and 15.7% by other vehicle technical
problems). As for fires caused by collisions, the authors stated that this cause accounted for
18.3%, while 7.2% of fires were caused by spontaneous combustion of goods loaded on the
vehicles. Finally, 12.4% were caused by undetermined causes.

A very recent study [45] analyzed 78 fires that occurred in Australian road tunnels
longer than 1000 m and also confirmed that fires are often caused by mechanical failures.
In fact, about 40% of the fires were caused by mechanical or engine failures (12% engine
compartment and 28% mechanical). When looking at the types of vehicles involved
in the fires, the study showed that 53.9% involved passenger cars, 18.4% light vehicles,
26.3% heavy vehicles and 1.3% multiple vehicles.

As described in several studies, one possible cause of fire involves the failure of the
turbocharger in thermal engines. This component is characterized by two important aspects:
high turbine rotation speed and high temperatures. It follows that a possible failure is
sudden and, in most cases, there are no preliminary signs of failure. Figure 3 shows, as an
example, a short time sequence of the fire of a heavy vehicle occurred in the alpine Fréjus
Tunnel (Italy—France border) on29 November 2010. The left figure shows the presence of
white smoke indicating a failure in the engine compartment of the truck. After one minute
and 20 s, the fire seems to have developed and, after about 4 % min, the fire is clearly visible
and smoke stratification in the upper part of the tunnel is also observed.
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Figure 3. Fire in the alpine Fréjus Tunnel in November 2010. Adapted from SITAF S.p.A.

Several international studies confirm that placing emergency teams near tunnel por-
tals (thus enabling their very rapid intervention) has significant benefits in terms of the
effectiveness of the teams in controlling and possibly extinguishing a tunnel fire [39,46,47].

Analysis conducted within the work of [48] related to European and Japanese tunnels,
in addition to CFD (Computational Fluid Dynamics) simulations, concluded that emergency
teams should intervene within 7 min.

Emergency teams are effective if their intervention occurs in less than 10 min, according
to the European Thematic Network FIT (Fire in Tunnels) [46]. This report also specifies
that it is important that emergency teams have a clear understanding of the situation to
conduct their operations in an effective way. This knowledge is more easily acquired by
teams that are dedicated to a specific tunnel and that appropriately communicate with
the control center [45]. The control center helps them by monitoring the development of
the emergency scenario and by managing the ventilation system to facilitate their rapid
intervention. An additional contribution of these emergency teams, beside their rapid
intervention, is associated to their detailed knowledge of the tunnel system in terms of
safety equipment, infrastructure and management procedures. Teams can thus operate
to control or extinguish fires before they evolve into larger ones [47]. Emergency teams
can also effectively support the egress of tunnel users, for example indicating the safest
pathway to reach the nearest exit [46]. They can eventually support other rescue teams
(i.e., fire brigades) during their intervention by providing specific information on the tunnel
infrastructure and relevant indications on the evolution of the emergency scenario, thanks
to their specific knowledge of the tunnel and the support provided by the control center
via radio communication [46,47].

Another interesting issue is addressed in the study of [49]; the use of human reliability
analysis (HRA) allows the estimation of human reliability with the aim of evaluating the
performance of the tunnel operator in critical situations. Considering the organizational
and human factors, it is possible, on one hand, to improve the studies of risk analysts, but
more importantly, on the other hand, it is possible to estimate the uncertainty related to
the variability of human performance. The result includes human factors, technical factors,
physical environmental factors and socioeconomic environmental factors, all related to the
prerequisites for emergency response. The authors state that to optimize survival rates and
the health of the injured, as well as to provide a safe and effective working environment for
emergency services, the event phase needs to be explored.

The evaluation of emergency preparedness and response in road tunnels is addressed
in the work of [50]. The research proposes a quantitative approach for evaluating the
effectiveness of emergency preparedness and management activities for accidents in road
tunnels, considering the system from different points of view. Specifically, the authors
propose the analytic hierarchy process (AHP) methodology that allows for quantitative
comparison and evaluation of different variables and criteria.

In the study of [51], the response to mass casualty accidents in tunnels is addressed by
considering the perspective of prehospital emergency medical services (EMS). The goal of
the research concerns (i) classification of prerequisites for emergency response in the tunnel
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environment based on the Haddon matrix and (ii) identification of the specific knowledge
of prehospital emergency medical services.

The study of [52] aims to investigate and analyze the level of knowledge and expe-
rience of medical services in the event of an event in the tunnel. The research included
11 interview participants from emergency service organizations and government and mu-
nicipal organizations in Sweden. The results highlighted the importance of creating and
improving networks among the stakeholders of the organizations involved and indicate
that emergency medical personnel should also be more involved in the planning stages
and exercises.

In the work of [39], several cases of tunnel fires were analyzed to evaluate the inter-
vention time of the emergency teams. Furthermore, the effectiveness of the teams was
evaluated with reference to their ability to control or extinguish the fires, and the interven-
tion strategies were analyzed for different types of tunnels (e.g., one-way, two-way, type
of ventilation strategies etc.). In addition, the study reports a historical analysis of road
tunnel fires and analyzes the dynamics of the emergency scenario, the intervention teams’
effectiveness and the presence of victims.

On the basis of this historical analysis of the incidents, a classification of tunnels (I, II,
III and IV) was proposed [39]. It allows the estimation of the maximum intervention times
for the various cases of fire and for different types of tunnels and incidents, as described in
Table 2. To guarantee that the intervention time is below a specific threshold, it is necessary
to consider the tunnel’s length and the speed of the teams with the aim to identify the
optimal location of the emergency teams. If the tunnel is very long, it is necessary to also
place several emergency teams inside the tunnel (i.e., the Mont Blanc Tunnel) and/or to
use an available carriageable bypass.

Table 2. Classification of road tunnels according to the mode of intervention of emergency teams.
Adapted from [39].

Tunnel Class

Description Intervention Time of Emergency Teams

Class I Tunnels where the transit of dangerous goods is forbidden

Emergency teams may be able to operate
for any response time and fire size

One-way tunnels in which automatic extinguishing systems are

installed or which can be reached within 8 min by emergency

Class IT teams. All fires can be controlled by both emergency teams and £ <8 min
automatic systems

Class 111 One-way tunnels. Teams are able to control slow developing fires 8 min < t < 20 min

Class IV Congested and/or two-way tunnels. High probability of fire and t>20 min

fire spread

Considering the accident and fire data in tunnels analyzed by [39], fires that “self-
develop” from the vehicle are more frequent (~70%), while 30% occur as a result of collisions,
as shown in Table 3.

Table 3. Types of fires and related fire curves. Adapted from [39].

Type of Fire Fire Curve
Self-developed (69.6%) A;B
Following Collision (30.4%) GD

Based on this analysis, [39] developed the four fire scenario curves described in Table 4:
A, B, C and D. These curves classify fires on the basis of their characteristics and the relative
intervention strategies of emergency teams. Specifically, fires caused by collisions typically
have more rapid development and, therefore, typically require less intervention time to be
successfully controlled and possibly extinguished.
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Table 4. Description of the four fire curves. Adapted from [39].

Fire Curve Fire Characteristics HRR (Heat Release Rate)
Slow developing fire with spread that is suppressed The p efak power (HRR—heat release rate) does not exceed
A the limit (see Figure 4). The power decreases as emergency
by emergency teams teams intervene
B Slow developing fire with late intervention of The peak power exceeds the limit before the teams
the teams have intervened
. L . - Peak power does not allow the fire to spread, possibly
C Rapidly developing fire with no possibility of spread becatse of team intervention
D Rapidly developing fire with possibility of spreading ~ Rapidly developing, high-powered fire that is spreading

Figure 4 represents the time evolution of the four fire curves (A, B, C and D) and shows
that the emergency teams must arrive and intervene in a sufficiently short time so that the
fire does not reach large power, i.e., an HRR (heat release rate) that exceeds 20-30 MW.
The fire curves named C and A in Figure 4 represent small fires that do not cause any fire
spread and can be extinguished by the teams or even by some of the tunnel users. Fire
curves C and A represent the evolution of scenarios D and B, respectively, following the
intervention of the emergency teams.

A
Maximum HRR
[MW]
Curve D Curve B
Curve C

30
_Start of 20
intervention \

Time [min]
Maximum Maximum
intervention intervention
time - 8 min  time - 13 min
Figure 4. Trend of the four fire curves over time and the maximum response times for emergency

teams. Adapted from [39].

Thus, Figure 4 identifies two characteristic times of emergency team intervention
for fast-developing fires (curves C and D) and slow-developing fires (curves B and A).
As shown in Table 3, fast-developing fires account for 30.4% of the total while slower-
developing fires account for 69.6%. For fast-developing fires, emergency crews must
respond within 8 min, while for other fires the response time must be less than 13 min.

Referring to the Mont Blanc Tunnel fire in 1999, it is reported that the fire was accessible
up to 10 m after 13 min by a patrol officer. Although the fire developed into a catastrophic
one (maximum HRR (heat release rate) of 200 MW), the fire could have been controlled if
appropriate preparations were made.

With reference to the fire curves of Figure 4, in the work by [53], six full-scale fire
experiments with HRR between 18 and 33 MW were conducted to evaluate the effectiveness
of teams equipped with different fire control and extinguishing systems. It was observed
that while the teams reached the fires in times ranging from 11 to 29 min, they were able to
quickly extinguish the fires in times ranging from 15 s to 3 min.

With reference to the historical analysis of some events carried out by [39], there are
cases in the literature of fires that occurred, even important ones, in which, although the
time of intervention of the teams was greater than 15 min, it was still possible to extinguish
the fire [39].
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To better understand the evolution of a fire, two events that occurred in the San Rocco
Tunnel (Italy) on 8 August 2016 and in the Gran Sasso Tunnel (Italy) on 16 April 2016
are shown as examples. In particular, Figures 5 and 6 show the diagrams related to the
position of the vehicles inside the tunnels; Figures 7 and 8 show some TVCC images useful
to describe the evolution of the event. Figure 7 clearly shows the prompt and effective
intervention of the emergency team with a pick-up.

Graphical representation of the accidental scenario in the San Rocco Tunnel

Lane 1 Left tube direction
Lane 2
1100 m 3000 m

Figure 5. Graphical representation of the accidental scenario in the San Rocco Tunnel (Italy).

Graphical representation of the accidental scenario in the Gran Sasso Tunnel

Fessnsnms
Lane 1 @l —— s direction
Lane 2 Left tube

5900 m L300 m

< >
< L >

Figure 6. Graphical representation of the accidental scenario in the Gran Sasso Tunnel (Italy).

Figure 7. Scenario of the event recorded by the TVCC of the San Rocco Tunnel (Italy) on 8 August
2016. Source: Strada dei Parchi S.p.A.

-
2016/04/16 12:06:28 2016/04/16 12:15:00

Figure 8. Scenario of the event recorded by the TVCC of the Gran Sasso Tunnel (Italy) on 16 April
2016. Source: Strada dei Parchi S.p.A.
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In terms of estimating impacts following an accident (relevant event), it is possible, for
example, to consider the average daily traffic of each tunnel, as shown in Figure 9 for the
San Rocco and Gran Sasso tunnels.

W San Rocco Tunnel - left tube m Gran Sasso Tunnel - left tube
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Figure 9. Average daily traffic trends for the San Rocco Tunnel (left tube) and the Gran Sasso Tunnel
(left tube) (Italy).

A tunnel accident, depending on the type of scenario, may result in a reduction (one
or more closed lanes) or even a disruption in traffic (a closed tunnel). Considering the
hourly traffic distribution in Figure 9 and the duration of the disruption, it is possible
to estimate the mobility impacts in terms of vehicles potentially involved, as shown in
Figures 10 and 11 for the San Rocco and Gran Sasso tunnel events. These vehicles will need
to be managed (e.g., directed to alternative routes or stopped at appropriate service areas)
depending on the time of the event (e.g., rush hour). For both cases, the real traffic flow
was considered, starting at the time when the accidental event occurred up to the recovery
of the tunnel (all lanes open to traffic).

Event
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b 16%
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= 108 .
= {o 2w vehicles
33 g
o .2 4%
= a LT
§ = o B - laons
< e@@%@i 19 SEL LSS LS S LSS LSS P
Time of day
25 >
Accident Response Fire All lanes open Time
Occurs Arrives on scene  extinguished to traffic
15:46 15:55 16:00 16:50
9 min 5 min 50 min

+— e —rr>———— >

1 h 04 min - event duration
d »
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Figure 10. Timeline of traffic accident elements and transport demand not satisfied (TDNS) inside
the San Rocco Tunnel—left tube (Italy).
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Figure 11. Timeline of traffic accident elements and transport demand not satisfied (TDNS) inside
the Gran Sasso Tunnel—left tube (Italy).

3. Analysis of the Interventions Carried out by the Emergency Teams of Strada dei
Parchi S.p.A.

A comparison between the intervention times proposed in the scientific literature and
those related to 14 Italian motorway tunnels analyzed in this work allows to identify a
proper value for the emergency teams’ effectiveness that can be used in risk analysis models.

Strada dei Parchi S.p.A. manages the A24/A25 motorways located in central Italy for
a total of about 281 km from Rome to Teramo and Pescara, across the Apennine Mountain
range. The motorway network is characterized by two carriageways, each consisting of two
lanes, traffic lane and overtaking, and a third emergency lane in the open-air sections. There
are 14 tunnels longer than 500 m, for a total of 28 one-way tubes, as shown in Figure 12.
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Figure 12. Location of the 14 tunnels longer than 500 m located on the A24 and A25 motorways and
managed by Strada dei Parchi S.p.A.

Table 5 shows the list of 28 single tubes and their respective lengths. It should be noted
that 18 of these tubes are longer than 1000 m and 8 of them have lengths varying between
about 2000 and 10,000 m.
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Table 5. List of 28 tubes with length greater than 500 m (source: Strada dei Parchi S.p.A.).

Tube Name [R = Right Tube; L= Left Tube] Length [m]

1 Ara Salere R 606
2 Ara Salere L 589
3 Roviano R 805
4 Roviano L 807
5 Genzano R 741
6 Genzano L 738
7 Colle Castiglione R 863
8 Colle Castiglione L 878
9 Colledara R 910
10 Colledara L 916
11 Colle Mulino R 1110
12 Colle Mulino L 1023
13 San Giacomo R 1029
14 San Giacomo L 1025
15 Pietrasecca R 1132
16 Pietrasecca L 1133
17 Stonio R 1243
18 Stonio L 1191
19 Monte S. Angelo R 1585
20 Monte S. Angelo L 1573
21 Collurania R 2088
22 Collurania L 2108
23 San Rocco R 4183
24 San Rocco L 4176
25 San Domenico R 4547
26 San Domenico L 4557
27 Gran Sasso R 10,121
28 Gran Sasso L 10,116

To ensure a higher level of safety during the modernization work, emergency teams
have been established near the tunnels since May 2019. Generally, each team consists of two
operators under cover 24 h a day, 7 days a week, equipped with one scooter and one pick-
up equipped for fire control and possible fire extinguishing. The personnel have specific

qualifications such as “Emergency and first aid workers in confined tunnels/environments

”

(https:/ /www.grupposerviziassociati.it (accessed on 17 November 2022)). The intervention
of the personnel allows for prompt intervention on the site of the event with the possibility
to control or extinguish a possible fire and support the egress of tunnel users. Figure 13
shows, as an example, the fire-fighting equipment and vehicles used by emergency teams
and Figure 14 illustrates an example of a team located close to a tunnel entrance.

Figure 13. Scooter and pick-ups equipped for fire control and fire extinguishing with micronized

water. Source: Strada dei Parchi S.p.A.
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Figure 14. Location of emergency teams, scooter and pick-ups near a tunnel entrance. Source:
https:/ /www.google.it/maps/ (accessed on 17 November 2022).

Table 6 shows a summary of the intervention times of emergency teams related to
the events that occurred since May 2019 in some tunnels. For each event, it is possible to
observe the time of detection of the event, the time of activation of the emergency team and
the time of arrival of the emergency team on site. The intervention time of the emergency
teams is calculated as the difference between the time of detection of the event and the
time of arrival on site. It is noted that the average value recorded is about 5.9 min. Such a
short intervention time is possible because emergency teams are in the proximity of the
different tunnels.

The intervention time is indicative as it could be subject to variations related to the
accident scenario and the subjectivity of the operational personnel who must communicate
their arrival on site in an emergency. However, this time represents a valid reference
for estimating the effectiveness of emergency teams for interventions in fire scenarios
occurring in road tunnels that are carried out by properly trained and equipped personnel.
Unfortunately, not all data are always available. All fires were managed by emergency
teams, in some cases with the support of the fire brigade. Other important data concern the
time needed to extinguish the fire; available data indicate an average time of about 14 min.

Figure 15 shows the different times to handle an event in the tunnel with reference
to the traffic capacity. The event resolution time, i.e., the total period of time in which the
tunnel is closed to traffic (capacity = 0), is important for estimating the impact of the event
on the transportation network (e.g., alternate routes, heavy vehicle storage, etc.) [54]. With
reference to the data in Table 6, it is worth noting that the average event resolution time is
approximately 97 min.

A further analysis of the intervention times of the emergency teams was performed to
evaluate the performance of the emergency teams. Figure 16 shows that out of 15 interven-
tions performed, 80% were characterized by an intervention time of less than 8 min, while
20% of interventions required a time between 8 and 10 min.
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Table 6. Intervention times of emergency teams related to events occurring from May 2019 in some tunnels of the A24/A25 motorways (data source: Strada dei
Parchi S.p.A.).

Vehicle Involved

B-Emergency

T[lglr_leIiT l;b? Event Date [LVL].“light A-Event Hour E Team C-Arrival on In.t ervent'l on Exti Flr.e hi Evlenf
=Rightt  pp/MMIYYYY] Vehicle] [hh:mm] vent Type Activation  Site [hhamm] e [min] xtinguishing  Resolution
L = Left] [HV: [C-A] Time [min] Time [min]
. [hh:mm]
Heavy Vehicle]
San Domenico L 01/05/2019 2LV 16:44 Accident + injured 16:44 16:50 6 - 118
San Rocco L 12/05/2019 2LV 12:05 Accident + injured 12:05 12:15 10 - 62
San Domenico L 11/06/2019 LV 15:37 Failure + fire 15:39 15:45 8 -
Gran Sasso L 15/06/2019 LV 18:20 Accident + injured 18:22 18:30 10 - 47
Stonio L 22/06/2019 LV 20:43 Failure + fire 20:47 20:48 5 6
Gran Sasso L 29/06/2019 LV 10:46 Failure + fire 10:47 10:53 7 - 99
San Domenico L 15/08/2019 LV 19:36 Failure + fire 19:40 19:43 7 21 70
Gran Sasso L 29/08/2019 LV 07:21 Failure + fire 07:22 07:26 5 10 69
San Rocco L 25/09/2019 2LV 08:49 Accident + injured 08:50 08:54 5 - 52
Collurania L 02/01/2020 LV 18:44 Accident + injured 18:45 18:48 4 -
San Rocco R 21/02/2020 LV 09:40 Failure + fire 09:40 09:42 2 - 83
San Rocco R 23/02/2021 LV 12:23 Failure + fire 12:23 12:25 2 15 51
Gran Sasso L 29/06/2021 HV 10:02 Failure + fire 10.02 10:07 5 - 408
Gran Sasso L 15/10/2021 LV 08:27 Failure + fire 08:27 08:32 5 6 55
Roviano R 25/11/2021 LV 08:28 Failure + fire 08:32 08:35 7 24 49
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Figure 15. Time-dependent event management in a tunnel with two lanes.
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Figure 16. (a) Statistical analysis of emergency teams’ intervention times and (b) event type. Data
source: Strada dei Parchi S.p.A.

4. Emergency Teams’ Effectiveness Evaluation

In the case of the 14 tunnels of the A24 and A25 highways in which the risk analysis was
carried out, there are different situations depending on the type of tunnel (e.g., length and
access for the transport of dangerous goods). The Gran Sasso Tunnel, where the transport of
dangerous goods is prohibited, can be classified as Class I (see Table 2) as proposed by [39].
To classify the other tunnels with lengths between 589 m and 4557 m, it is necessary to
consider the expected intervention times, the fast-developing fires, the slower-developing
fires and their respective probabilities of occurrence, as shown in Figure 17.

Fires that cannot be
controlled Time limit for slow

/ / developing fires
13 min ..........................................

Time limit of intervention
-\ adopted in the risk analysis of
8 min f---- the 14 tunnels managed by
Strada dei Parchi S.p.A.

10 min F=--—

80 % . Time limit of intervention for

fast developing fires

Fast developing Slow developing
Fires Fires

Probability of Probability of
occurrence 30.4 %  occurrence 69.6 %
Figure 17. Representation of intervention time limits for fast- and slow-moving fires, with respective
probability of occurrence [39] and representation of the intervention time limit adopted in the
risk analysis.
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Figure 17 shows that by adopting an intervention time limit of 10 min, two different
situations arise in the risk analysis of the tunnels under study:

e Slower-developing fires, characterized by a probability of occurrence of about 70%
(see Table 3), are always controlled /extinguished, as the time limit of 13 min is higher
than the time limit adopted in the risk analysis (10 min);

e  Fast-developing fires, which represent about 30%, are characterized by an intervention
time limit of 8 min, lower than the time limit adopted in the risk analysis (10 min). It
follows that about 80% of fast-developing fires can be controlled /extinguished.

With reference to Table 2 and Figure 17, the tunnels under study (with the exception of
Gran Sasso, which belongs in Class I) can be classified according to the criterion of [38] in
Class II and Class III. Class 1I includes all slower-developing fires and 80% of fast-developing
(controlled/extinct) fires. Therefore, calculating the weighted average with the probability
of occurrence of slow and rapid fires, proposed by [39] and reported in Table 3, about 94%
of the cases of the tunnels under study are Class II. The remaining 6% belong to Class III.
This value is obtained as follows:

Class IT = FF x FECE + SF x SFCE 1)

where

Class 1l is the percentage of tunnels in Class II;

FF is the percentage of fast-developing fires;

FFCE is the percentage of fast-developing fires controlled or extinguished;
SF is the percentage of slow-developing fires;

SFCE is the percentage of slow-developing fires controlled or extinguished.

Using these data, the percentage of tunnels in Class II is:
Class II = FF x FFCE + SF x SFCE =30.4% x 80% + 69.6% x 100% = 94% (2

With respect to the classification of tunnels in Class 1], it should be noted that noncon-
trollable fires are only rapid fires whose probability of occurrence, compared to slow fires,
is 30.4%. It follows that noncontrollable fires are equal to:

NCF = Class I1I x FF = 6% x 30.4% =1.8% 3)

where

NCF is the percentage of noncontrollable fires;
Class 11 is the percentage of tunnels in Class 1] (100% — Class II = 100% — 94% = 6%);
FF is the percentage of fast-developing fires.

This means that almost all (98.2%) fires can be potentially controlled or extinguished.
This agrees with the data shown in Table 6: all 15 events were successfully managed by
emergency teams.

According to the risk analysis model adopted in the 15 tunnels under study, two safety
measures are considered in the fire event tree: (i) the presence of an emergency team and
(ii) the availability of a water supply. The risk analysis model considers four different cases
associated to a fire scenario, depending on the availability of two safety measures, as shown
in Figure 18.

Figure 18 shows the evolution of an initial fire event (fire principle). Specifically, the
probability that an initial fire evolves into larger fires is:

o  CASE 1: 0.05 (5%) if the emergency team and water supply measures are present;

e  CASE2: 0.15 (15%) if the emergency team measure is not present, but the water supply
measure is available;

e CASE 3: 0.10 (10%) if the emergency team measure is present, but the water supply
measure is not available;
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o  CASE 4: 0.33 (33%) if both safety measures are not present.

Initial event | Is the fire principle rapidly extinguished?
CASE 1 - YES =0.95
e e CASE 2 - YES = 0.85
Fire principle

CASE DESCRIPTION

CASE 4 - YES = 0.67 CASE 1 - Water supply: YES and Emergency team: YES

CASE 2 - Water supply: YES and Emergency team: NO

CASE 1-NO =0.05

CASE 2 - NO = 0.15 CASE 4 - Water supply: NO and Emergency team: NO

CASE4-NO=0.33

Figure 18. Extract of the fire event tree implemented in the risk analysis model developed by the
authors. Adapted from [55].

By adopting an emergency team the probability of controlling or even extinguishing a
fire principle reaches the highest value (i.e. 95%) if water supply is available (Case 1) or
becomes 90% if water supply is not available (Case 3). Thus, in these two cases only 5% and
10% of fire principles will evolve into fires with a peak HRR ranging between 8 and 150 MW,
as shown in Figure 19. This value represents the power during the fully developed fire
phase. In the risk model, proper HHR curves [34] are adopted to describe the fire growth,
fully developed and decay phases. Consequences are calculated by modeling the egress of
the users and the effect of the safety measures on the evolution of the different scenarios.
Our existing model for tunnel risk analysis is thus extended in this work to include the
effect of emergency teams. In this way, it is possible to quantify the reduction in risk when
emergency teams are adopted.

Cls the fire> Heavy | Heavy Light Accidental
Initial event |( principle rapidly )| DG? | Vehicle | Vehicle | Vehicle -
xtinguished? HV2'? | Hv1? | 2 scenarto
yes
No consequences
. - 0.95 .
Fire principle yes Fire Dangerous Goods
| 0.01 Q=150 MW w
no yes Fire Heavy Vehicle 2
0.05 0.05 Q=100 MW *
no ] yes Fire Heavy Vehicle 1
0.99 no 0.1 Q=50 MW w
055 yes Fire Light Vehicle 2
no 0.2 Q=15 MW *
0.9 no Fire Light Vehicle 1 &
0.8 Q=8 MW

Emergency team

Water supply

Figure 19. Event tree of the risk analysis model developed by authors. Adapted from [34].

The utilization of the risk analysis model on the Stonio Tunnel is discussed in the
following, as an example, to illustrate the effect of emergency teams on the F-N curve
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and on the EDV (expected damage value). Tables 7 and 8 show the main data and safety
measures of the Stonio Tunnel.

Table 7. Main data of the Stonio Tunnel (left tube).

Parameter Value
Length [m] 1190
Section [m?] 54
Number of lanes 2
Distance between the emergency exits [m] 587; 38
ADT—average daily traffic [vehicles/day] 16,090
Peak time flow when the analysis was carried out 1609 (10% ADT)
[vehicles/h]
Longitudinal slope [%] —2.6
Average number of passengers in a light vehicle 2
Average number of passengers in a heavy vehicle 1.1
Average number of passengers in a bus 30
Percentage of light vehicles [%] 88
Percentage of heavy vehicles [%] 11
Percentage of buses [%] 1
Average speed of the light vehicles [km/h] 110
Average speed of the heavy vehicles/buses [km/h] 70

Table 8. Main safety measures of the Stonio Tunnel (left tube).

Infrastructure Measures, Equipment and Management Procedures Presence
Road signs YES
Traffic lights and/or arrow-cross panels inside the tunnel NO
Variable message panels inside the tunnel YES
Emergency messages by radio for tunnel users NO
Speakers in shelters and at emergency exits NO
Emergency lighting YES
Emergency pedestrian platforms YES
Emergency team YES
Emergency ventilation YES
Control center YES
TVCC with AID (automatic incident detection) YES
Fibrolaser YES
Traffic lights and/or arrow-cross panels at the tunnel entrance YES
GSM (global system for mobile communications) coverage YES
Emergency stations YES
Fixed fire-fighting system NO
Flammable liquid drainage YES
Water supply YES

Figures 20 and 21 show the significant effect on the F-N curve, and thus on the expected
damage value (EDV) of the intervention of the emergency team. It is noted that both curves
fall within the ALARP zone (according to Italian legislation) and the purple curve (where
the emergency team is present) is lower than the blue curve. Regarding the EDV, it is
observed in Figure 21 that the emergency team contributes to a 75% reduction.
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Figure 20. F-N curves calculated with TRAM model [33,34] to evaluate the effectiveness of emergency
teams in terms of societal risk mitigation for the Stonio Tunnel (left tube).
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Figure 21. Effect of the availability of emergency teams on the EDV (and % reduction) for the Stonio
Tunnel (left tube).

It is important to underline that the probability values adopted in the risk analysis
model and reported in Figure 18 can be used for emergency teams that:

Guarantee intervention within 10 min;

Have specific and proven training;

Have suitable equipment and facilities;

Possess a detailed knowledge regarding the tunnel system in which they operate;
Are in constant communication with the control center, which provides information
on the evolution of the accident scenario.

On the basis of the above considerations and of the data acquired for the 15 events
that occurred in some tunnels of the A24 and A24 highways, it emerges that the risk
analysis model adopted is in line with the literature studies. In particular, the probability of
controlling /extinguishing the fires by the emergency teams was assumed in the calculation
model to be 95% (Figure 18). Considering the literature studies and what was reported
by [39], it emerges that the expected probability of controlling /extinguishing fires is 98.2%.
Future fire events that will occur in the next years in the same tunnels will be analyzed and
discussed to acquire more data and to observe possible differences related to the changes
in traffic conditions and vehicles’ technologies. However, the information acquired during
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the past two years already constitutes a first statistically meaningful dataset, which allows
us to confirm that placing well-trained and equipped rescue teams close to the tunnels is
an appropriate and relevant safety measure. The observed very high value of effectiveness
against fires can thus be adopted in risk analysis models.

5. Conclusions and Possible Developments

Road tunnel safety can be assessed using specific analytical risk models as indicated
by European Directive 2004/54/EC. In general, these models consider several elements,
including traffic (type, quantity and daily distribution), accident frequency and safety
measures present in the tunnel, which include equipment, infrastructural and procedural
type measures. Hence, there is the opportunity to adopt a safety measure that consists of
emergency teams located near the tunnels. These teams, suitably trained and equipped,
can intervene quickly in the tunnel following an event. In addition to controlling or
extinguishing a fire, they can provide support to users during the evacuation phase by
indicating the direction to follow to reach bypasses, emergency exits and safe places.
It is necessary to study and evaluate the effectiveness of emergency teams that can be
adopted in risk models. Starting from different studies and analysis of the technical and
scientific literature, several categories of tunnels and fires were defined. Subsequently,
15 interventions occurred between the year 2019 and the year 2021 in some tunnels located
on the A24 and A25 highways in Italy and managed by Strada dei Parchi S.p.A. were
considered. Overall, Strada dei Parchi S.p.A. manages 14 tunnels with lengths ranging
from around 590 m to about 10,000 m and falling within the area of application of European
Directive 2004/54/EC. Analysis of the 15 interventions carried out by the emergency teams
shows that the average intervention time is around 5.9 min. Out of the 15 interventions
analyzed, 80% were characterized by an intervention time of less than 8 min, while 20%
were by an intervention time between 8 min and 10 min. In addition to the intervention time
of the teams, other data were analyzed, including the average time needed to extinguish
the fire (not always available), equal to about 14 min, and the average time needed to
recover the road network, equal to about 97 min. From a statistical point of view, only one
event involved a heavy vehicle; in all other cases, light vehicles were involved. A total of
62% of the events were classified as failure + fire and 38% as accidents with injuries. In
this way, it was possible to compare the effectiveness of the emergency teams with the
corresponding value reported in the literature and then use it within a risk analysis model
developed by the authors. In this model, the effectiveness of the teams is considered in the
event tree as the question: Is the fire rapidly extinguished? If the emergency team is available,
the probability to extinguish or control a fire principle is 95% or 90% depending on the
availability of a water supply system inside the tunnel. In these two cases, only 5% and
10% of fire principles will evolve into dangerous fires with peak HRRs between 8 MW
and 150 MW. Considering the studies in the technical-scientific literature and what was
reported by [39], it appears that the expected probability of controlling/extinguishing fires
is 98.2%. It follows that the probability value (95%) adopted in the risk analysis model
proposed by the authors [34] is in line with the probability value calculated based on the
literature studies (98.2%). This probability value can also be adopted as a reference by other
analysts for the risk assessment of road tunnels. Further developments of the work may
concern two issues: (i) increase in the event database with the aim of consolidating the
analysis carried out and (ii) apply HRA (human reliability analysis) techniques with the
aim of studying in a quantitative way the human factor with reference to the probability
of failure during the management of an intervention. With reference to the increase in
the events’ database, it is possible to further verify the activation and travel times, and
the training of the emergency teams. A further analysis should be performed, taking into
account the quality and reliability of safety systems inside the tunnel.

Finally, this study modeled the risk of fire in a tunnel according to an analytical
approach. More refined models may be developed by specifying multivariable functions,
including several intermediate factors and exposure factors, as predictors of the frequency
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and severity of dangerous events in tunnels. This type of analysis aims to show that the
most significant predictors can explain dangerous events with the aim of reducing the
effects [56].
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