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Abstract: We have developed an appropriate Computational Fluid Dynamics (CFD) model for
assessing the exposure to risk of tunnel users during their evacuation process in the event of fire.
The effects on escaping users, which can be caused by fire from different types of vehicles located
in various longitudinal positions within a one-way tunnel with natural ventilation only and length
less than 1 km are shown. Simulated fires, in terms of maximum Heat Release Rate (HRR) are: 8, 30,
50, and 100 MW for two cars, a bus, and two types of Heavy Goods Vehicles (HGVs), respectively.
With reference to environmental conditions (i.e., temperatures, radiant heat fluxes, visibility distances,
and CO and CO, concentrations) along the evacuation path, the results prove that these are always
within the limits acceptable for user safety. The exposure to toxic gases and heat also confirms that the
tunnel users can safely evacuate. The evacuation time was found to be higher when fire was related
to the bus, which is due to a major pre-movement time required for leaving the vehicle. The findings
show that mechanical ventilation is not necessary in the case of the tunnel investigated. It is to be
emphasized that our modeling might represent a reference in investigating the effects of natural
ventilation in tunnels.

Keywords: risk analysis; computational fluid dynamics; road tunnels; natural ventilation; user safety

1. Introduction

Tunnel traffic accidents are rarer than on open roads [1,2]; however, their consequences
might be more severe in terms of injuries and/or fatalities [3]. Tunnel fires are less frequent
than tunnel traffic accidents, but when these occur in closed spaces such as tunnels all users
might be involved and not only those directly affected by traffic collisions; in addition,
major negative consequences might be expected [4]. In fact, a significant part of the tunnel
could quickly fill up with hot gases, smoke, and/or toxic substances. Moreover, these
hazardous conditions for user health might arise within a few minutes. Therefore, it is
extremely important for user to begin the evacuation process from tunnels as soon as
possible. In this respect, it is also necessary that tunnels are equipped with adequate safety
systems that work properly [5-8].

Safety within road tunnels in the event of a fire, depends on many mutually depen-
dent factors: Heat Release Rate (HRR), location of the burning vehicle, unidirectional or
bidirectional traffic, vehicle queues, tunnel geometry, and safety systems of the tunnel.
Certain human behaviors of users (e.g., anxiety, panic, speed of decision-making, and
walking speed) can also affect self-evacuation.

Risk analysis is a very important tool that can be used for investigating the safety level
of tunnels. In this regard, the European Directive 2004/54/EC [9]—which is applicable
to tunnels of the Trans-European Road Network (TERN) with lengths (L) over 500 m—
requires, when a tunnel is opened to the transit of dangerous goods, that a specific risk
analysis should be made. The Italian Ministry of Infrastructure and Transports adopted
the mentioned Directive in 2006 [10]. At the present time, in Italy, there are no particular
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restrictions to the passage of vehicles carrying dangerous goods (DGVs) through road
tunnels. As a result, tunnels are to be considered free for the transit of all types of vehicles.
Therefore, risk analyses are required for tunnels of the TERN with L > 500 m.

There are several methods for performing risk analysis; however, an analysis based
on Computational Fluid Dynamics (CFD) models appears to be the most suitable. CFD
modeling can achieve a high level of accuracy by considering the mutual interaction
of all the aforementioned factors, which affect user safety in tunnels in the case of fire.
By using CFD models, studies available in the literature have prevalently investigated
the efficiency of specific safety measures in tunnels such as, in particular, mechanical
ventilation. However, in compliance with the European Directive 2004/54/EC, mechanical
ventilation is required only for tunnels with lengths over 1000 m. This means that for
tunnels with 500 < L < 1000 m, which are very common in Italy, safety conditions are
affected by natural ventilation. Unfortunately, the effects of natural ventilation due to
vehicle motion (piston effect) hardly appears to have been studied. Some comparisons
between natural and mechanical ventilation can be found in McQuade-Jones and Bilson [11].
Also Chow et al. [12], Yu and Wei [13], and Zhang et al. [14] deal with the issue of natural
ventilation in road tunnels, but their studies are limited to the evaluation of the maximum
temperatures and smoke back-layering length as a function of the tunnel slope, without
any consideration about the evacuation process from the tunnel. Safety, under natural
ventilation conditions of the tunnel in the event of a fire, is instead the main reason for
justifying the present paper. Indeed, it is not clear whether natural ventilation is sufficient
in all circumstances. This appears to represent a gap in our knowledge. Therefore, a risk
analysis must be conducted.

In the light of the above considerations, the main objective of the present paper is to
investigate the issue of natural ventilation in road tunnels in greater depth. This study may
represent an advance in research for providing additional knowledge in the field of safety
engineering, and to show whether further technical measures are still necessary to improve
tunnel safety with natural ventilation only.

For this aim, among the CFD codes currently available for modeling fire scenarios, the
Fire Dynamics Simulator (FDS) [15,16] version 6.7.3 was used. FDS, with associated Evac
code (version 2.5.2. [17]) for simulating the evacuation process, was set up for a specific
road tunnel. The tunnel investigated is within the field of applicability of the European
Directive. It is 850 m long, presents an emergency exit at half-way, and is characterized
by unidirectional traffic. A set of different positions of various burning vehicles within
the tunnel, under specified traffic and geometry conditions, were investigated to provide
additional knowledge on the effects of natural ventilation on tunnel safety.

The paper is organized as follows: the next section contains a literature review con-
cerning risk analyses based on CFD models and evacuation processes from tunnels. Effects
of safety measures for reducing the risk level in tunnels are also commented on. Then
the FDS+Evac modeling developed in the present paper is described. Subsequently the
results related to natural ventilation of the tunnel investigated are presented and discussed,
and appropriate comparisons are made. Finally, comments for practical applications,
conclusions and addresses for additional research are made.

2. Literature Review

Risk analysis based on CFD models is the most used tool for assessing the safety level
of a tunnel in the event of a fire. In this respect, several studies have been carried out to
evaluate the effects of some fire mitigation systems such as, in particular, ventilation within
the tunnel.

Caliendo et al. [18] evaluated the effects of the longitudinal ventilation provided by
jet-fans in a curved bidirectional road tunnel. Using the fire simulation ANSYS CFX code
coupled with the STEPS (Simulation of Transient Evacuation and Pedestrian movementS)
software for the evacuation process, they showed the effects of temperature, smoke, and
toxic substances concentration on occupants during their escape from the tunnel. Due to
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the combined effect of mechanical ventilation and tunnel geometry, the major risk was
found to be when the burning vehicle is in the middle of the tunnel.

Caliendo et al. [19] have subsequently extended their previous study to several fire
scenarios due to different types of burning vehicles within the tunnel. The major risk level
was found to be when the petrol tanker burns, and the tunnel is full of vehicles.

Xiaobo et al. [20], by using the results of the FDS, proposed a methodology for
estimating the number of people at risk due to toxic substances caused by fire in road
tunnels. The tunnel was assumed to be mechanically ventilated within 2 min after the start
of the fire.

Chen et al. [21], by means of the FDS tool for simulating fire in tunnel, investigated
the smoke flow layering length as a function of the longitudinal ventilation and point
extraction.

Valasek and Glasa [22] used the FDS+Evac for simulating fire scenarios and user
evacuation from a short two-lane road tunnel. The emergency mechanical ventilation
system was assumed to be activated within 1 min after the start of the fire. They found that
when the number of people trapped increased, most of the occupants used the exit portal
rather than the emergency exit.

Glasa et al. [23] also used the FDS+Evac for simulating fire and user escape from
a tunnel, which is equipped with jet-fans for mechanical ventilation. In particular, they
focused on the factors that affect the evacuation process, emergency exit visibility, effects of
smoke, and presence of obstacles.

Chow et al. [24], by using FDS, carried out several numerical simulations to study
the critical velocity of longitudinal ventilation required for preventing the back-layering
phenomenon as a function of the HRR both in horizontal and tilted tunnels.

Kadlic and Moézer [25], by basing on the use of FDS+Evac, modeled fire scenarios in a
unidirectional road tunnel equipped with longitudinal ventilation; showing, in particular,
the movement of smoke during counterwind (i.e., wind in opposite direction to jet-fans).
The aim was to underline the uncertainties in fire modeling process, which were due to
input data and fire scenario design.

Bosco et al. [26], using FDS+Evac, investigated the influence of smoke distribution,
queue formation, and tunnel geometry on the evacuation process in the event of a fire. The
results were compared to the evacuation experiments carried out in a road tunnel, and a
good agreement was obtained. They found that the evacuation time depends closely on
the time needed for each vehicle to stop, which can be estimated by using an appropriate
queue formation model.

Caliendo et al. [27], in keeping with their aforementioned studies and by continuing
to use ANSYS CFX+STEPS, individualized the optimal distance from the emergency exits
in a bidirectional tunnel equipped with jet-fans.

Jun et al. [28], by means of FDS, studied the effects of different velocities of longitudinal
ventilation, as well as different tunnel widths and HRRs, on the propagation of smoke in
tunnels.

A. Krol and M. Krdl [29], using FDS, assessed the consequences on the evacuation
process due to two different fires in a road tunnel. They accounted for different types of
ventilation systems, delay in fire detection system, and traffic conditions.

Summing up, the above chronological literature review shows that many studies have
investigated the effectiveness of mechanical ventilation, as well as other fire mitigation
measures, but few of them focused on the effects of natural ventilation caused by the
vehicles in motion (piston effect). The lack of knowledge related to the effects of natural
ventilation on self-evacuation from tunnels in the event of fire represents for us a driving
motivation to investigate the issue in greater depth in the present paper.
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3. Materials and Methods
3.1. Tunnel Description

In this study, a two-lane straight unidirectional tunnel is investigated. It is 850 m long
and has a horseshoe-shaped cross-section with a total width of 9.5 m (i.e., two lanes of
3.5 m, and two sidewalks). The maximum height is 6.8 m, and the cross-section area is
55.2 m2. The tunnel is assumed to be flat with no emergency lanes. An emergency exit is in
the middle of the tunnel length.

The investigated one-way tunnel is not equipped with a mechanical ventilation system.
However, a pressure difference of 5 Pa [30] is assumed to be applied between the entrance
portal (portal A) and the exit portal (portal B) to simulate natural ventilation due to the
piston effect of vehicles in motion.

The tunnel walls are made of concrete and have a thickness of 0.4 m. Specifically,
for concrete is assumed that the thermal conductivity is 1.67 W/m/K, the specific heat is
0.94 k] /kg/K, the density is 2585 kg/m?, and the emissivity is 0.9 [31].

3.2. Traffic Volume

The traffic flow, which is expressed in terms of Annual Average Daily Traffic (AADT),
is assumed to be 10,000 vehicles/day per lane, and the percentage of Heavy Goods Vehicles
(HGVs) is about 25%. However, our study is based on the peak hour of traffic volume
(VHP). This was made since the effects of VHP, in contrast with AADT, are expected to
be worse in the event of a fire in tunnel. The presence of much more vehicles, which
act as obstacles in the tunnel, might significantly increase temperatures, radiant heat
fluxes, and toxic gas concentration; which affects user safety. In this regard, a VHP of
1243 vehicles /hour per lane was computed.

3.3. Fire Scenarios

Four fire scenarios corresponding to different types of burning vehicles are considered
(car, bus, and two HGVs). Each burning vehicle is assumed to be located along the tunnel
in five different positions: 145 m, 280 m, 420 m, 570 m, and 710 m from the entrance
portal (i.e., portal A). Car, bus, and the two HGVs are schematized as parallelepipeds,
whose dimensions (length x width x height) expressed in meters are: 6 x 1.8 x 1.5,
12 x 2.5 x 2.9,and 12 x 2.5 x 3.2 for the car, bus, and HGVs, respectively. Fire scenarios
for the mentioned vehicles are reported in Table 1, in terms of maximum HRR and time to
reach the maximum HRR (tmax). Each fire curve considers a linear law for the fire growth
phase, followed by a constant HRR phase. All fire simulations were carried out for a time
(t) equal to 10 min (i.e., t > tmax). The yields of combustion products are assumed as listed
in the mentioned Table 1 [32,33].

Table 1. Heat release rate (HRR) and yields of combustion products.

HRR tmax CcOo Soot
[MW] [min] [kg/kg] [kg/kgl
Two cars 8 5 0.084 0.08
Bus 30 9 0.1 0.05
HGV 50 10 0.15 0.025
HGV 100 10 0.15 0.025

4. CFD Modeling
4.1. Physical Modeling

In CFD modeling, the main governing equations are the continuity equation, the
momentum equation, and the energy equation. These equations, coupled to the sub-
models to describe the physical mechanisms of combustion, turbulence, and thermal
radiation, are solved by the finite volume method. The results (temperature, velocity and
direction of air flow, and smoke and toxic gas concentration) are obtained for each cell in
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which the tunnel volume is discretized, and their accuracy depends in particular on the
fire scenario, physical models used, and mesh fineness.

In this study, FDS version 6.7.3 was used. It is an open source CFD model developed
by the U.S. National Institute of Standards and Technology (NIST). FDS simulation tool is
a fire-driven fluid flow model that has also been widely used in the literature for tunnel
fire scenarios, and in which the Navier—Stokes equations are solved numerically. In this
regard, the combustion, turbulence, and radiation models employed in FDS are described
in detail in the FDS user guide [16]. In particular, for FDS application, the main input
data, which were discussed in detail in Sections 3.1 and 3.3, concern tunnel geometry,
longitudinal slope, location and geometry of the fire source, HRR, yields of combustion
products, geometric characteristics of the vehicles in the queue, position of emergency exits,
and pressure difference between tunnel portals.

4.2. Model Validation

We preliminary validated the FDS code by means of a comparison with the exper-
imental data of temperatures related to a case of a small-scale fire, which is reported in
Xue et al. [34]. We found a good level of conformity between the simulation results and
the temperatures measured (an error of no more than 5%).

4.3. Grid Sensitivity Analysis

In a FDS application, the accuracy of the results and the calculation time depend
above all on the mesh fineness. In this respect, the grid resolution is evaluated by the
non-dimensional expression D* /84 [16], in which 8y is the nominal size grid [m], while the
characteristic length scale D* [m] is expressed as follows:

. Q
b= <poocpToo\/g) @

where Q is the HRR [W], p,, is the air density [kg/ m?], Cp is the specific heat of the air
[J/kg/K], Te is the ambient temperature [K], and g is the gravity acceleration [m/s?].
According to the FDS user guide [16], an adequate resolution is obtained when D* /8y is
between 4 and 16. In this regard, it was found that: D* =2.21 for two cars, D* = 3.75 for bus,
D* = 4.60 for HGV (50 MW), and D* = 6.07 for HGV (100 MW). Therefore, for each scenario
investigated, the size of the cell side should be in the range of 0.14-0.55 m for two cars,
0.23-0.94 m for bus, 0.29-1.15 m for HGV (50 MW), and 0.38-1.52 m for HGV (100 MW). It
is to be said that only parallelepiped cells (preferably cubic) can be employed in the FDS.

In Table 2 are reported the results of the grid sensitivity analysis in terms of temper-
ature as a function of the cell size. These outcomes are related to points located at the
tunnel ceiling; in particular, at a height of 5.5 m from the road pavement, and longitudinal
distances equal to 10 m both downstream and upstream from the fire center.

Table 2. Grid sensitivity analysis: temperature values at driving lane center 5.5 m from the road

pavement.
Temperature Values 5.5 m from the Road Pavement
Cross-Section —10 m Cross-Section +10 m
Cell Size
[m] T Error T Error
[°Cl [%] [°Cl [%]
0.2 588 - 754 -
04 583 0.85 751 0.40
0.5 567 3.57 739 2.39
0.8 484 17.69 703 6.76

1.0 449 23.64 674 10.61
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From Table 2 one can see that the cell size smaller than 0.4 m did not provide signif-
icant differences in temperature predictions. In fact, the percentage errors between the
temperature values were found to be with cells size of 0.4 m and 0.2 m less than 1%. Since
the computation time increases as the mesh becomes finer, the tunnel volume is assumed
to be divided into cubic cells of 0.4 m side in the present paper. A total number of 1,095,255
cells were used in our study.

Figure 1 provides a view of the tunnel simulated by means of FDS.

Figure 1. View of the tunnel simulated by means of FDS.

5. Evacuation Modeling
5.1. Simulation Settings

In the present paper, the agent-based egress calculation module of FDS, called Evac [17],
is used to model the user evacuation process from the tunnel. The mentioned behavior
model treats each evacuee as an individual agent (i.e., user in our case) with different
characteristics and escape strategies. Users can move in a two-dimensional horizontal field,
and the environmental conditions within the tunnel play a key role in reducing both the
walking speed of users and the choice of exit. In particular, the effects of the concentration
of Oy, CO,, CO, etc., are used by the model to calculate the Fractional Effective Dose
(FEDxoxic gases), which can influence the users’ evacuation.

The main input data of the evacuation model, which will be discussed in detail in
Sections 5.2 and 5.3, concern initial position of users in tunnel at the start of fire, number
of users within each vehicle in queue, the user pre-movement time, walking speed, and
escape direction.

However, it is to be said that the effects of temperature and radiation on evacuation
are not yet taken into account by Evac. For this reason, an additional procedure has been
used in the present paper to also calculate the Fractional Effective Dose (FED) due to both
the heat and radiant heat flux exposure (i.e., FEDjeqat)-

5.2. Queue Formation and Egress Model

Based on the HRR and the positions of the fire source along the tunnel, different
FDS+Evac simulations were performed. In the case of unidirectional traffic flow, the
number of vehicles in the queue upstream of the fire was estimated assuming that: (i)
queued vehicles stop without overtaking the burning vehicle; (ii) the vehicles queue up
filling both lanes; (iii) the first vehicle in the queue is located at 10 m from the posterior
surface of the burning vehicle; (iv) each vehicle maintains a safety distance of 2 m from
the preceding vehicle in the queue. According to these assumptions, when the burning
vehicle is at 145 m from the entrance portal (i.e., portal A), the traffic queue is formed by
32 vehicles, 66 vehicles when the burning vehicle is at 280 m from portal A, 100 vehicles
when the burning vehicle is at 420 m from portal A, 138 vehicles when the burning vehicle
is at 570 m from portal A, and 174 vehicles when the burning vehicle is at 710 m from
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portal A. Figure 2 represents a schematic layout of queued vehicles upstream of the fire
source for the one-way tunnel investigated.
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Figure 2. Schematic layout of queued vehicles upstream of the fire source.

The number of users potentially at risk within the tunnel (i.e., the number of people
trapped upstream from the burning vehicle) depends on the number of cars, HGVs, and
buses in the queue, and the number of people present in each type of vehicle. In this respect,
the occupancy rate of cars, HGVs, and buses were assumed to be equal to 1.7 [27], 1, and
30 people, respectively. The average occupancy rate considering all vehicles in the queue
(i.e., including cars, buses, and HGVs) was computed to be equal to about 2.1. Obviously,
by multiplying the aforementioned number of queuing vehicles by 2.1, we estimated the
following number of people escaping upstream of the fire: 68, 139, 211, 291, and 367 users
when the burning vehicle is located at 145 m, 280 m, 420 m, 570 m, and 710 m, respectively.

The initial position of each user that starts to walk for reaching a safe place, at the
moment of fire starting or during the fire growth phase, is assumed to be next to his
own vehicle.

It was also assumed, when the burning vehicle is located at 145 m, 280 m, and 420 m,
that all users (evacuee) evacuate from the entrance portal (i.e., portal A). Instead, when
the burning vehicle is located at 570 m and 710 m from (the) entrance portal A, escaping
users use both the mentioned portal A and the emergency exit located in the middle of the
tunnel length. Table 3 shows the total number of escaping users in the direction of (the)
portal A and emergency exit, respectively.

Table 3. Number of people escaping from portal A and emergency exit.

Fire Location Number of People Escaping from:

(Distance from Portal A) Portal A Emergency Exit
145 m 68 -
280 m 139 -
420 m 211 -
570 m 168 123
710 m 168 199

5.3. Evaluation of RSET and ASET

The evacuation process is generally investigated by comparing the Available Safe
Egress Time (ASET) and the Required Safe Egress Time (RSET). In particular, ASET repre-
sents the time required to exceed the tenability criteria after the fire has occurred, whereas
RSET is the time within which each occupant reaches a safe place. Thanks to the combina-
tion of the FDS and its evacuation module (Evac), the ASETs of each user within the tunnel
and the RSETs can be determined.

ASET can be estimated using the aforementioned FED. In this respect, both the
toxic effects of gaseous fire products (FEDyoxic gases) and the exposure of people to heat
and radiant heat flux (FEDye,¢) should be taken into account. According to the FED
concept, a user is considered to be incapacitated when at least one of FEDgxic gases and
FEDjeqt xceeds unity [35]. The FEDyoxic gases value for each escaping user is automatically
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calculated by the FDS model as a combination of different toxic gas concentrations as
follows [17]:

1:‘EDtoxic gases — (FEDCO + 1:"EDCN + FEDNOX + 1:"LDirr) 'HVC02 + FEDOZ/ (2)

where FED(g is the fraction of an incapacitating dose of CO, FEDcy is the fraction of an
incapacitating dose of CN, FEDyo, is the fraction of an incapacitating dose of NOy, FLDj,
is the fraction lethal dose of irritants, HV o, is the hyperventilation factor induced by
carbon dioxide, and FEDo, is the fraction of an incapacitating dose of low O, hypoxia.
Each FEDyoxic gases value is computed as the integral from zero to the time (t;) needed by
the user to reach a safe place.

The FEDpey: value due to both the heat and radiant heat flux exposure has been
calculated as follows [35]:

Lo/ 1
FEDpeat = 3 + At 3)

t trrad tconv

where t.g = 16.67/"3 is the time in minutes to incapacitation due to a radiant heat
flux g in kW/m?, and tieony = 5 - 107 - T~34 is the time in minutes to incapacitation due to
a temperature T in °C. An automatic procedure, based on Visual Basic for Applications
(VBA) code, was developed in this paper for estimating the FEDy,o,; every time step of
the simulation, which was set equal to 2 s. Both temperature and radiant heat flux were
measured at 2 m above the road pavement along the escape routes (sidewalks) upstream
of the burning vehicle.

RSET includes three-time components: (i) vehicle queuing time; (ii) the detection and
reaction time (i.e., the pre-movement time); (iii) the user movement time.

The pre-movement time was assumed to be 90 s in the event of 8, 50, and 100 MW fire;
while it increased by 60 s (for a total of 150 s) for the 30 MW fire to take into account the
time needed for all occupants to leave the bus [36]. Although the vehicles into the tunnel
are assumed to be stationary when the fire started, the arrival time of every vehicle was
taken into account by assigning an extra pre-movement time to each user.

The user movement time depends in particular on the user walking speed [5]. In this
study, the unimpeded walking speed was assumed to be 0.7 m/s. However, the effective
walking speed is likely to be lower during a fire due to the presence of obstacles (e.g.,
vehicles in the queue), reduced visibility, and very high concentrations of smoke, irritating
and toxic gases along the escape routes. These effects on user walking speed are taken into
account by the Evac code, which uses as input the FDS output.

6. Acceptable Safety Criteria

With reference to the risk that fire poses to the tunnel user life, traditionally there
are two ways of verifying the tenable conditions along the evacuation path. The first
is based on the values of temperature, radiation heat flux, concentration of toxic gases
(CO, COy,), and visibility distance. The second, instead, involves the FED. In the present
paper, we use both. In Table 4 are reported the acceptance safety criteria that we have used
as benchmarks.



Appl. Sci. 2021, 11, 32

9o0f 16

Table 4. Acceptable safety criteria for tunnel users in the event of a fire.

Parameter Criterion Reference
Temperature <60 °C [37]
Radiant heat flux <2-2.5kW/m? [37]
Carbon monoxide <1200 ppm [38]
Carbon dioxide <40,000 ppm [38]
Visibility distance >10m [37]
FEDxoxic gases <1 [35]
FEDjeat <1 [35]

7. Analysis of Results
7.1. Longitudinal Profiles

To assess whether people can safely evacuate from the tunnel (i.e., upstream of the fire
in direction of portal A), the longitudinal profiles of temperature, radiative heat flux, toxic
gases, and visibility distance predicted at breathing height (2 m) along the escape path,
after 10 min from the fire start, are reported below. These values were compared with the
corresponding tenability limits for the survival of tunnel users in case of fire. However, for
giving also more complete information, it is to be said that as a result of natural ventilation,
which pushes the fire-induced threats towards portal B, the worst environmental conditions
occur downstream from the burning vehicle. However, this is not of interest in this specific
case of one-way tunnels since people evacuate upstream of the fire.

7.1.1. Temperatures

Figure 3 shows the longitudinal temperature profiles after 10 min from the start of the
fire and at a height of 2 m along the escape path. The burning vehicle is assumed to be,
in this case, in the middle of the tunnel length. With reference to a pre-movement time of
both 90 s and 150 s (only for the bus), Figure 3 shows the positions occupied by the last
user, which is escaping from the tunnel in direction of portal A, after a time t = 10 min from
the start of the fire. One may note that the above-mentioned user is at a distance of 47 m
from portal A (i.e., 378 m from fire) in the event of 8, 50, and 100 MW fire (red user), and
89 m (i.e., 336 m from the fire) in the event of 30 MW fire (green user). Figure 3 shows that
temperatures higher than 60 °C are observed only for a distance from the fire of: 5 m, 30 m,
50 m, and 170 m in the case of 8 MW, 30 MW, 50 MW, and 100 MW fires, respectively. This
means that also the last user escaping is safe since he/she is exposed during the evacuation
to temperatures lower than the tenability limit of 60 °C [37].

t =10 min
1100
——HRE = 100 MW I
1000
HRR = 50 MW |
800 1 HRR =30 MW ‘
800 | ——HRR=8MW ‘

*  Fire source

700 | = — Tenability limit (60 °C) ‘

Temperature [*C]

. —
0 30 100 150 200 230 300 350 400 430 300 330 600 630 700 730 800 830
Tunnel length [m]

Figure 3. Longitudinal temperature profiles (t = 10 min) at a height of 2 m along the escape path
when the fire source is in the middle of the tunnel length.
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7.1.2. Radiant Heat Flux

Figure 4 reports the longitudinal radiant heat flux profiles after 10 min from the start
of the fire and at a height of 2 m along the escape path. Figure 4 shows, in particular, that

the last user escaping from the tunnel in direction of portal A is exposed to a radiant heat
flux value < 2 kW /m? [37].

t=10 min
120
110 — HRR. = 100 MW
100 HRR =50 MW
—— HRR =30 MW
A 90
8 ——HRR=8§ MW
’.i; 80 o _
) = - = Tenability imit (2 kW/m2)
w 70 .
= X Fire source
2 60
g
= 50
]
S 40
Z
30
Escape route
20  —
] R R

i} 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 830
Tunnel length [m]

Figure 4. Longitudinal radiant heat flux profiles (t = 10 min) at a height of 2 m along the escape path
when the fire source is in the middle of the tunnel length.

7.1.3. Toxic Gases

Figures 5 and 6 report, respectively, the longitudinal profiles of CO and CO, concen-
tration after 10 min from the start of the fire and at a height of 2 m along the escape path.
Figures 5 and 6 show that the last user escaping from the tunnel in direction of portal A is
also exposed to CO and CO, concentrations lower than the tenability limits of 1200 and
40,000 ppm, respectively [38].

t=10 min
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——HRR = 100 MW

15,000 HRR = 50 MW |1
— HRR=30MW
— HRR=3MW A

=1
i
=
=
.

=T 1
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g 10,000 ®  Fire source I| .III\\
2 \
s | \
- 500 /J _\_'*“\\
=1 [ A
: /
8 /f"'j M\“'--\
5000 - .
/ l~ AN
2500 #‘ ﬁ / L‘\_/R o \,
A A g g e
-~ - e —— — "
S i e 2 e

0 30 1000 150 200 230 300 350 400 430 300 530 600 650 T00 730 800 850
Tunnel length [m]

Figure 5. Longitudinal CO concentration profiles (t = 10 min) at a height of 2 along the escape path
when the fire source is in the middle of the tunnel length.
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Figure 6. Longitudinal CO, concentration profiles (t = 10 min) at a height of 2 m along the escape
path when the fire source is in the middle of tunnel length.

7.1.4. Visibility Distance

The production and spread of smoke along the evacuation path might limit the
visibility of users in the tunnel during their evacuation process, and consequently reduce
their walking speed. In Figure 7 are reported the longitudinal visibility distance profiles
after 10 min from the start of the fire and at a height of 2 m along the escape path. Figure 7
shows that the last user escaping from the tunnel in direction of portal A has also a visibility
higher than the tenability limit of 10 m [37].

t =10 min
60
.1 ——HRR=100 MW
]
HRE = 50 MW
30
— HRR =30 MW
41— _HRR-3MW
B 40— . = Tenahility limit (10 m)
L")
E 33 ¥  Fire sowrce
B 30 | | |
£ 35 | '|
z - | |
& 20 | | Escaperoute
- | [
15 \ i \ ——
0 === L—. - - "._I A
- \\ ~\.. I\‘
3 & \\ L\A‘_\‘ I\.,' i
P — e

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
Tunnel length [m]

Figure 7. Longitudinal visibility distance profiles (t = 10 min) at a height of 2 m along the escape path
when the fire source is in the middle of tunnel length.

It is to be stressed that all the aforementioned safe evacuation conditions were found
also after 5 min from the start of the fire, as well as for the remaining four longitudi-

nal positions of the fire in the tunnel investigated. The results are not reported here to
save space.
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7.2. FED Results of the FDS Simulations and RSET

The maximum FEDjyc gases Were taken from Evac simulations, whereas the maximum
FEDpe,t was taken by using the mentioned Equation (3). To be considered an acceptable
result, all FED values due to both toxic gases and heat must be below 1. Table 5 summa-
rized the outcomes obtained with reference to the burning vehicle in the middle of the
tunnel length.

Table 5. FED results at a height of 2 m along the escape path when the fire is in the middle of
tunnel length.

HRR Maximum Evacuation Time in the Event of Fire
Max FEDqoxic gases Max FEDpeqt

[MW] [min]

8 11 0.003 0.007
30 12 0.333 0.020
50 11 0.010 0.019
100 11 0.022 0.029

One may note that both FEDygxic gases and FEDpeyt are < 1. FED results less than 1
were found also for the remaining four longitudinal positions of the fire in the tunnel
investigated.

However, the results of the evacuation process, when they are presented in a graphic
form by using the cumulative distributions of RSET, may also provide additional informa-
tion. Figure 8a—d, for example, apart from showing that with the fire located in the middle
of the tunnel length the maximum evacuation times are those reported in Table 5, indicates
that the 50th percentile of the evacuation time (i.e., that 50% of users are below that value)
in the event of 8, 50, and 100 MW fire can range from 3.1 min (burning vehicle located
at 145 m from portal A) to 6.4 min (burning vehicle in the middle of the tunnel length).
Moreover, the 50th percentile of the evacuation time in the event of 30 MW (i.e., bus fire)
can range from 4.1 to 7.4 min.
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Figure 8. Cumulative frequency distributions of RSET in the event of: (a) 8 MW fire; (b) 30 MW fire; (c) 50 MW fire; (d)
100 MW fire, and for the five different positions of fire within the tunnel investigated.
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Since the results have proved that escaping users are subjected to temperatures, radiant
heat fluxes, and toxic gas concentrations lower than the tenability limits, as well as the fact
that the FEDyoxic gases and FEDje,; are less than 1, the RSETS are consequently found to be
lower than the ASETs for each user. In other terms, for all fire scenarios simulated, users
can reach a safe place (entrance portal or emergency exit) without safety issues during the
evacuation process.

7.3. Back-Layering Phenomenon and Smoke Stratification

Figure 9 presents the back-layering phenomenon and smoke stratification along the
tunnel investigated after 10 min from the start of the fire located in the middle of tunnel
length.

Portal A

Portal B

Figure 9. Contours of smoke propagation within the tunnel investigated, after 10 min from the start of fire, when the
burning vehicle is in the middle of the tunnel length: (a) 8 MW; (b) 30 MW; (c) 50 MW; (d) 100 MW.

It can be observed that: (i) natural ventilation that pushes smoke towards portal B
is not able to prevent the back-layering phenomenon (i.e., smoke moves against the air
flow provided by natural ventilation); (ii) with the increase in the HRR, the length of
back-layering phenomenon increases; (iii) the smoke stratification for the two directions
upstream and downstream of the fire is not symmetrical due to natural ventilation; (iv) the
worst conditions of smoke are found downstream of the fire.

However, even if the back-layering length upstream of the fire increases with the HRR,
it has been found that the smoke extends along the tunnel ceiling up to 235, 295, 335, and
400 m from the fire center in the case of the 8, 30, 50, and 100 MW, respectively. It is to be
stressed that the position occupied by the last user, who is escaping from the tunnel in the
direction of portal A, is not affected by the presence of smoke at his breathing height of
2 m. This graphically confirms the safety conditions found in the previous paragraph for
escaping users.

8. Summary and Conclusions

This research was motivated in particular by the need to develop a CFD modeling for
simulating several fire scenarios in a one-way road tunnel with natural ventilation, and for
assessing the exposure to risk of users during their evacuation process. To this aim, the
FDS with the associated Evac code was set up, and then used for a tunnel with L <1 km
for which mechanical ventilation is not required according to the European Directive
2004/54/EC.

Four fire scenarios corresponding to different types of burning vehicles were con-
sidered (car, bus, and two HGVs). Fire scenarios, in terms of maximum HRR, for the
mentioned vehicles were assumed to be: 8, 30, 50, and 100 MW, respectively. Each burning
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vehicle was assumed to be located along the tunnel investigated in five different positions
from the entrance portal.

The evacuation times were found to be higher when fire was related to a bus, which is
due to a major pre-movement time needed so that the last person occupying the bus may
also leave the vehicle. However, the results of the fluid dynamic analysis, interpreted in
terms of environmental conditions along the evacuation path (i.e., temperatures, radiant
heat fluxes, visibility distances, and CO and CO; concentrations) are all contained within
the limits of acceptable safety for tunnel users.

The results of the exposure to toxic gases and heat along the evacuation path, expressed
in terms respectively of FEDjoxic gases and FEDpeqt, also confirm that the tunnel users can
safely evacuate.

The present paper has shown that mechanical ventilation is not necessary in the case
of the tunnel investigated. However, engineers must always conduct a risk analysis of
tunnels with a length less than 1 km that demonstrates the efficiency of natural ventilation.

The CFD modeling presented in the present paper has a general validity. Therefore,
the results obtained might be extended to other tunnels naturally ventilated with similar
geometric and traffic characteristics.

Although the authors are confident that they have performed an appropriate analysis—
based on the optimization of mesh in FDS and the use of a suitable convergence criterion
in Evac—which contributes towards increasing our knowledge, there are still certain
points that should be investigated. Risk analysis should be done also neglecting natural
ventilation due to piston effect or in consideration of adverse wind situations (i.e., wind
blowing in a direction opposite to the traffic flow). The effects of using a one-way tunnel
for bidirectional traffic in specific emergency circumstances should also be investigated.

Therefore, additional studies are needed for making further developments possible in
assessing the risk of users in road tunnels that are not mechanically ventilated.
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Unit
vehicles/day per lane

Description
Annual Average Daily Traffic
Fractional Effective Dose

m/s? Gravity acceleration
Heavy Good Vehicle
m Tunnel length
% Heat Release Rate (HRR)
kW /m? Radiant heat flux
°C Temperature
min Time
vehicles/hour Peak hour of traffic volume
min Exposure time interval (t, — t1)
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Sy m Nominal size grid

Peo 12 kg/m?3 Air density

Sup and subscripts

p 1 J/kg/K Air specific heat

CN Cyanide

CO Carbon monoxide

CO, Carbon dioxide

D* m Characteristic length scale

FEDcN Fraction of an incapacitating dose of CN

FEDco Fraction of an incapacitating dose of CO

FLDj, Fraction lethal dose of irritants

FEDyo, Fraction of an incapacitating dose of NOy

FEDo, Fraction of an incapacitating dose of low Oy

HVco, Hyperventilation factor induced by CO,

NO Nitrogen monoxide

NO, Nitrogen dioxide

NOy Collective term used to refer to NO and NO,

O, Oxygen

t1 min Evacuation start time

t min Evacuation end time

Teo 293.15 K Ambient temperature

teony 5.107 . 734 min Time to incapacitation due to T

trrad 16.67 /33 min Time to incapacitation due to g

tmax min Time to reach the maximum HRR
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