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A B S T R A C T

Toxic fumes are released after blasting in underground excavations. The analysis of safe re-entry times into the
work areas is essential for addressing safety and productivity concerns. In this paper, a railway tunnel 2.1 km
long under forced ventilation system is selected as a case study to assess the energy consumption and re-entry
times after blasting under different ventilation conditions. First, three-dimensional CFD numerical models
were conducted in order to predict the migration time to reduce the levels of noxious gases below the limits
established in safety regulations. Field measurements were conducted to verify the accuracy of the results ob-
tained in the simulations. Then, additional analytical models were conducted to evaluate the energy consumed
by the ventilation system. The results obtained show that the accumulated re-entry time reaches 414 h for the
excavation of the tunnel employing an airflow rate of 40 m3 s− 1. This time increases by 33 % when the airflow
rate decreases to 30 m3 s− 1. However, even though the time decreases when the ventilation volume increases,
energy consumption increases significantly, reaching 1,306 MWh for a ventilation volume of 40 m3 s− 1 compared
to 551 MWh using an airflow of 30 m3 s− 1.

1. Introduction

When utilizing the drilling and blasting method for excavating un-
derground infrastructures, the process results in the generation of toxic
gases. Immediate releases after blasting are predominantly composed by
nitrogen oxides (NOx) and carbon monoxide (CO) [1]. These noxious
gases must be diluted to ensure a safe environment for workers.
Therefore, it is crucial to implement an appropriate ventilation system
with the correct airflow to reduce the concentrations of hazardous gases
to levels below those established in safety regulations. These levels are
referred to as threshold limit values (TLVs) and vary depending on each
country’s regulations [2]. This measure is crucial for maintaining a
secure and healthy atmosphere for workers involved in underground
construction activities. The safe re-entry time is largely contingent on
factors such as the ventilation system in use, the airflow rate and the
quantity of explosives employed [3]. In tunneling construction, different
ventilation systems can be employed to minimize safe re-entry times
after blasting, being the forced ventilation the standard practice. An

accurate prediction of these re-entry times into the work areas is thus
essential, leading researchers to conduct analyses on the dilution of
hazardous gases produced during blasting. Computational Fluid Dy-
namics (CFD) modeling is a prevalent tool used for this purpose,
enabling to predict the evolution and distribution of blasting fumes.
Precisely, the dispersion of CO after blasting was investigated in a sub-
surface mine [3] for different working conditions in a mining tunnel
under forcing ventilation systems. It was found that both the distance
from the ducting system to the work area as well as the ventilation
volume at the end of the duct significantly influence the dispersion co-
efficient of the noxious gases. Bahrami et al., 2019 [4] conducted a
numerical model to assess the re-entry time in a mining infrastructure.
The study monitored the return of the ventilation system. The re-
searchers concluded that the monitoring system can serve as a reliable
method for determining re-entry times. Torno et al., 2013 [5] employed
both conventional and 3D CFD modeling to investigate the evolution of
harmful gases in a coal mine. Field measurements were carried out to
validate the CFD results, contributing valuable insights into the re-entry
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time for workers returning to the working area. In their numerical
analysis, Feng et al., 2022 [6] investigated the dynamic diffusion of CO
in a tunnel under forcing mode. The research findings indicated that the
duration needed to decrease the concentration of CO increases when the
excavation is situated in high-altitude areas.

Other research works focused on underground coal mines have
explored the dilution of blasting fumes under secondary ventilation
systems [7]. Pu et al., 2020 [8] employed CFD numerical modeling to
predict the evolution of blasting fumes in a tunnel. The study considered
forcing ventilation and different duct diameters. Additionally, Huang
et al., 2015 [9] conducted a research work on the environmental re-
percussions in tunneling construction. They analyzed the effects of
tunnel dimensions employing the drilling and blasting method. Their
conclusion highlighted that construction process, mainly the blasting
operations, creates hazardous atmospheres, seriously compromising the
workers’ health.

In efforts to enhance the mining operating cycles, researchers have
employed both mathematical and empirical models to predict the
dispersion of hazardous gases during blasting [10,11]. Agson Gani et al.,
2019 [12] conducted a research work focused on determining re-entry
times after blasting in a gold mine. Their analysis encompassed the
dispersion of CO, the diffusion coefficient and different ventilation
systems. Gas detectors were used to assess the evolution and distribution
of harmful gases [13]. A gas monitoring system was used to introduce 1D
analytical models to assess the times required to reduce the levels of
toxic gases [14]. Furthermore, Harris and Mainiero, 2008 [15] devel-
oped a novel approach involving the application of negative pressure to
a vertical shaft to eliminate CO levels near the blast. Several researchers
have explored the migration of CO and NO after blasting works, exam-
ining adverse issues for workers [16,17]. The concentration of harmful
gases and dust within the work face is contingent on the layout of forcing
ventilation and the chosen tunneling method [18,19]. Li et al., 2016
[20] conducted an examination of air velocity in large subsurface ex-
cavations, concluding that air velocities exceeding 0.15 m s− 1 are
essential to effectively minimize CO concentrations below the exposure
limits. In a study by Zhang et al., 2016 [21], the migration of CO and
dust in mining roadways was investigated, with a notable emphasis on
the crucial role of fan selection for an effective removal of the noxious
gases generated after blasting. Moreover, underground excavations in
high-altitude locations have been explored by several researchers,
analyzing the dilution of harmful blasting fumes produced after blasting
[22,23]. Their conclusions suggested that at lower altitudes, there is a
decrease in the safe re-entry times. Chang et al., 2020 [24] conducted a
study that focused on the forcing ventilation system employed during
tunneling excavation. Three-dimensional CFD models were developed
considering different ducting position, airflow rates and distance from
end of the duct to the work area to determine CO concentrations.

Additionally, in tunneling excavation, species transport modeling is
employed to investigate the underground environment and dust man-
agement considering different ventilation modes. Xin et al., 2021 [25]
conducted comparative studies to explore the cooling efficiency in un-
derground excavations. The study considered a tunnel 40 m long
equipped with two ducting systems, each having a diameter of 0.8 m.
Different lengths of these air ducts were examined within a
forced-exhaust ventilation system. The research aimed to assess and

compare the effectiveness of different ventilation configurations in
maintaining a favorable thermal environment and controlling dust
during tunneling activities. Bubbico et al., 2014 [26] conducted a
comprehensive CFD analysis to study the evolution of harmful species
inside the tunnels, employing k-ε turbulence models. The study focused
on examining the generation and management of dust under different
conditions. Notably, the researchers concluded that the effective dust
management is significantly influenced by the distance from the end of
the ducting system to the working area [27,28]. This underscores the
critical role of proper ventilation system configuration in mitigating the
generation and dispersion of dust during tunneling operations. The time
required to reduce the levels of toxic gases has been a subject of study,
particularly in a mine, applying the levels of NOx generated from an
ammonium nitrate/fuel oil (ANFO) blast [29]. Understanding the
release and dispersion of NOx is crucial in determining the safety
duration for personnel to re-enter the mined area. Presently, monitoring
systems of the ventilation return in underground excavations are effec-
tively utilized to determine the time required to dilute the harmful gases
below the TLVs [30]. These systems play a pivotal role in assessing the
concentration levels of various gases, providing valuable data to ensure
the health of workers returning to the post-blast working areas. Adhikari
et al., 2022 [31] developed analytical models employing CFD numerical
models to investigate the presence of toxic gases in the rock mass and
muck pile and their effects on safe re-entry times. They considered a
mine development with a ducting system with a length of 35 m long and
1 m in diameter and a muck pile with a volume of 34.2 m3. De Souza
et al., 1993 [32] analyzed the blasting fumes in order to reduce the costs
of the ventilation system in underground excavations. CFD models were
developed by Nie et al., 2024 [33] to investigate the efficiency of the
dust removal systems in underground coal mines. They developed a new
type of spiral air curtain generator to improve the pollution control ef-
ficiency. The behavior of the dust particles was analyzed by Lu et al.,
2022 [34] during underground tunneling. The operation of the rotary
cutterhead was simulated using Ansys Fluent and concluded that the
increase of the exhaust velocity improves dust suppression.

In this paper, safety and productivity concerns are addressed after
blasting operations during underground excavations. A railway tunnel
2.1 km long with a cross-section of 68 m2 has been selected as a case
study to analyze the migration of noxious gases and predict the re-entry
times of the workers to the work areas. The migration of toxic gases from
blasting has been evaluated in relation to the energy consumption of the
ventilation system. Using a novel model, the energy consumption has
been obtained after each advance cycle, computing the final consump-
tion for the total excavation length. Three-dimensional CFD and one-
dimensional models were conducted considering forced and exhaust
ventilation modes with a flexible ducting system 1.8 m in diameter and
ventilation volumes of 30 and 40 m3 s− 1. Species-transport models were
employed to investigate the evolution and distribution of the noxious
gases released after blasting. Concentration-time curves of CO, NO and
NO2 are evaluated at different sections of the tunnel in order to deter-
mine the time required to reduce the levels of noxious gases below the
established TLVs. To verify the accuracy of the results obtained in the
numerical simulations, field measurements were carried out when the
excavation length reached 200 m. Then, novel 1D analytical models
were developed to optimize the re-entry times considering leaky ducting

Fig. 1. Section of the railway tunnel. Mobile equipment, ventilation system and noxious gases concentrate on the tunnel face.
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systems. Pressure drops and air leaks along the ventilation ducts were
investigated and the power of the fan was calculated for the two airflow
rates used. Therefore, the energy consumed by the ventilation system
during the total excavation length was evaluated and compared for both
ventilation volumes. Additionally, the total accumulated re-entry time
for tunnel excavation was also estimated for both scenarios. Finally, in
order to optimize the construction process and reduce the production
delays, a balance is performed between the reduction in re-entry time
and the potential increase in energy consumption.

2. Methodology

2.1. Problem statement

During the excavation of underground infrastructures using the
drilling and blasting method, forced ventilation systems are commonly
employed. These systems play a crucial role in managing air quality and
mitigating the release and dispersion of toxic gases generated during the
blasting process. Fig. 1 shows the longitudinal section of the tunnel. The
fresh air reaches the work area through the flexible ducting system. The
main mobile equipped used, dumper truck, loader and jumbo, as well as
the air duct, are also presented in Fig. 1. The air volume must be
properly designed to guarantee the safety of the construction workers.
The air volume is determined depending on the power of diesel engines
and number of workers. Harmful gases, mainly CO and NOx, are released
immediately after blasting works. Construction operations inside the
tunnel must be interrupted until gas concentrations are reduced below
established TLVs according to the safety regulations. The time that

passes from blasting until the gases reach safe values is known as safe re-
entry time. As presented in Fig. 1, immediately after blasting, the gases
concentrate in the vicinity of the tunnel face, occupying a tunnel length
L0. This throwing length of the noxious gases (L0) can be calculated
depending on the quantity of explosives (kg) used in the blasting.

Fig. 2 shows the cross-section of the railway tunnel considered as a
case study. The cross-section of the tunnel is 68 m2. The full section has a
height of 8 m and a width of 9 m, while the top heading, excavated in the
first phase, is 5 m high and 10 m width (39 m2). A flexible ventilation
ducting system 1.8 m in diameter is considered (duct axis X = 2.5 m, Y =

6 m). The duct is located on the right haunch at a height of 6 m. Six
observation points located as indicated in Fig. 2b are considered to
investigate the toxic gases concentration produced after blasting in
different areas of the section.

The scheme of the forcing ventilation mode is illustrated in Fig. 3.
The ventilation volume provided by the fan reaches the heading face
through the flexible duct. The dirty air (dust and toxic gases from
blasting and combustion equipment) returns towards the tunnel exit (Z
= 0 m) through the tunnel section. According to the number of workers
and power of diesel engines operating simultaneously, airflow rates at
the working face of 30 and 40 m3 s− 1 are considered. The airflow rates
also consider the minimum cross-section wind speed.

2.2. Concentration of toxic gases and threshold limit values

CO and NOx are mainly released after blasting during the tunnel
excavation. The throwing length of the harmful gases in the working
face after blasting (L0) can be determined by applying Eq. (1) depending

Fig. 2. Cross-section of the tunnel. (a) Top heading, benching and ventilation duct; (b) Location of observation points in the full face of the tunnel.

Fig. 3. Typical forced ventilation scheme in a tunnel. Axial fan located at the tunnel portal and flexible ventilation duct from the tunnel portal to the working area.

J. Menéndez et al. Energy 307 (2024 ) 132810 

3 



on the quantity of explosives (G) [3,35,36]. The initial concentration of
the harmful gases (C0) can be obtained by applying Eq. (2), where G is
the amount of explosives used (kg), MGAS andMAIR are the molar mass of
gas and air, respectively, (g mol− 1), L0 is the initial throwing length of
gases, A is the cross section of the tunnel (top heading), b is the ratio of
toxic gas (m3 kg− 1) and depends on the type of explosives. According to
the type of explosives used (emulsion), a gas volume of 0.014, 0.00125
and 0.00065 m3 kg− 1 of CO, NO and NO2, respectively, were considered
[37–39]. The TLVs considered, time weighted average (TWA) and
short-term exposure limits (STEL), are depicted in Table 1 for CO, NO
and NO2. TWA represents the highest average concentration of an
airborne substance, measured over the duration of an 8-h workday and
five-day working week. STEL refers to the maximum concentration of a
substance in the air, as a time-weighted average over a 15-min period.

L0 =15 +
G
5

(1)

C0 =
G b MGAS

L0 A MAIR
(2)

2.3. CFD numerical modeling

2.3.1. Mathematical models
Numerical simulations using 3D CFD numerical modeling have been

developed to investigate the migration of harmful gases following
blasting operations. This sophisticated modeling approach allows for a
detailed simulation and analysis of how these gases disperse in the
environment after blasting, providing valuable insights into their
behavior and potential impact. Ansys Fluent software has been
employed to resolve the 3-D Unsteady URANS equations. The transient
species transport model was selected considering the realizable k-ε
turbulence model [40]. In addition, the PISO algorithm has been
employed to model the coupling between pressure and velocity during
the iterative procedure. A time step of 0.1 s was set to reach the solution
convergence. Reynolds-averaged Navier-Stokes (RANS) Eqs. (3) and (4)
are used to simulate the phenomena of interest. The RANS equations are
a set of time-averaged fluid flow equations that can be used to model
turbulent flow in CFD problems.

∂ρ
∂t +

∂
∂t (ρui)=0 (3)

∂
∂t (ρui)+

∂
∂xi

(
ρuiuj

)
=

∂p
∂xi

+
∂

∂xj

[

μ
(

∂ui
∂xj

+
∂uj
∂xi

−
2
3

δij
∂uI
∂xI

)]

+
∂

∂xj

(
− ρuʹ

iuʹ
j

)

(4)

RANS equations have the same general form as the instantaneous
Navier-Stokes equations, but the velocity and other solutions represent
time-averaged values. The RANS equations contain an additional Rey-
nolds stress term − ρuʹ

iuʹ
j that must be modelled to close the system of

equations. Realizable k-ε turbulence model is used to model the Rey-
nolds stresses and close the momentum Eq. (4). The realizable k-ε model
is a two-equation turbulence model that solves two separate transport
equations to determine the turbulent velocity and length scales inde-
pendently. The two transport equations in the realizable k-ε model are
for the turbulent kinetic energy (k) (5) and its dissipation rate (ε) (6).
The k equation represents the kinetic energy per unit mass in the tur-
bulent fluctuations, while the ε equation models the rate of dissipation of
the turbulent kinetic energy.

∂
∂t (ρk)+

∂
∂xj

(
ρkuj

)
=

∂
∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM + Sk (5)

∂
∂t (ρε)+ ∂

∂xj
(
ρεuj

)
=

∂
∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+ ρC1Sε

− ρC2
ε2

k+
̅̅̅̅̅
υε

√ +C1ε
ε
k
C3εGb + Sε (6)

In addition, the convection-diffusion Eq. (7) is used to predict the
local mass fraction of each species.

∂
∂t (ρYi)+

∂
∂xi

(ρuiYi)= − ∇ ⋅ Ji
→

+Ri + Si (7)

The first term on the left-hand side represents the rate of change of
species mass fraction, while the second term represents the convective
transport of species by the fluid flow. The terms on the right-hand side
account for diffusive transport Ji

→ , chemical reaction Ri, and addition
from the dispersed phase Si .In turbulent flows, the diffusion flux Ji

→ is
modelled using the gradient diffusion hypothesis, which relates the
diffusion flux to the gradient of the mean species mass fraction ac-
cording to Eq. (8).

Ji
→

= −

(

ρDi,m +
μt

Sct

)

∇Yi − DT,i
∇T
T

(8)

where Di,m is the molecular diffusion coefficient and DT,i is the turbulent
diffusion coefficient, which is typically modelled using a turbulence
model. In the k-ε realizable model Sct represents the turbulent Schmidt
number μt

ρDt
where μt is the turbulent viscosity. The setting values of the

CFD models are presented in Table 2.

2.3.2. Mesh and boundary conditions
A railway tunnel, spanning a length of 200 m and featuring a cross-

section of 68 m2, was considered. A total of 1.84 M of hexahedral ele-
ments were used to mesh the total geometry of the tunnel and ventila-
tion duct. The model geometry and the detail of the mesh grid are
depicted in Fig. 4. A view of the tunnel portal and duct inlet is presented
in Fig. 4a. A detail of two cross-sections and the ventilation duct are
presented in Fig. 4b.

The detail of the cross-sectional areas considered for the railway
tunnel to investigate the concentration-time curves and the boundary
conditions are shown in Fig. 5. According to the throwing length of the
harmful gases in the drilling face immediately after blasting, the gas was
considered as a mixture of CO and NOx at atmospheric conditions. The
noxious gases concentrations immediately after blasting has been
considered as a boundary condition and obtained by applying Eq. (2).
The concentrations of the CO, NO and NO2 are indicated in Table 3. It is
assumed that the concentration of noxious gases is uniformly distributed
in the throwing area (L0) immediately after blasting. In addition, the
velocity inlet at the duct outlet was also selected as a boundary condition
depending on the air volume at the heading face considered, 30 or 40
m3 s− 1. The boundary conditions, initial volume of noxious gases,

Table 1
TLVs for CO, NO and NO2 [7,39].

Gas TWA (ppm) STEL (ppm)

CO 25 100
NO 25 30
NO2 3 5

Table 2
Setting values of the CFD model.

Property Setting

Model 3D-URANS Unsteady
Species Transport model with diffusion energy sources
Materials Air, CO, NO, NO2

Pressure velocity Coupling PISO
Turbulence model Realizable k-ε
Transient Coefficients Time step 0.1 s
Convergence Criterion 10E-5
Intel Boundary Condition Velocity Inlet
Outlet Boundary Condition Pressure outlet
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velocity inlet and pressure outlet, are shown in Fig. 6.

2.3.3. Grid sensitivity and time step independence analysis
Three different mesh models were used to analyze the grid sensitivity

analysis: coarse, medium and fine mesh sizes. A number of elements of
1.45 M, 1.84 M and 2.23 M were considered for the coarse, medium and
fine models, respectively. The analysis focused on the CO concentration
after blasting at Z = 150 (full section), applying an air volume at the
heading face of 40 m3 s− 1. The CO concentration-time curve is presented
if Fig. 7a for the tunnel section Z = 150 m. The medium size grid model
with 1.84 M of elements was finally used to optimize the efficiency and
computing cost during the simulations.

A time step independence study was carried out considering time
steps of 0.5, 0.1 and 0.05 s. The NO2 concentration-time curve was
simulated at Z = 100 m using an air volume of 30 m3 s− 1. According to
the results depicted in Fig. 7b, the time step size has a reduced effect on
the results. Therefore, a time step of 0.1 was selected in the 3D CFD
simulations.

2.4. Analytical models

In the present investigation, two analytical models have been
employed sequentially to obtain a tight estimation of the energy con-
sumption of the ventilation system required during the excavation of a
railway tunnel to ensure safety work conditions. To mimic real working
operations, the tunnel length is progressively enlarged, so the models are
executed recursively to accommodate a tunnel advance rate of 5.4 m

Fig. 4. Model geometry and mesh grid. (a) Detail of the tunnel portal; (b) Cross sections and ventilation duct.

Fig. 5. Tunnel sections every 25 m long, from Z = 25 to Z = 195 m.

Table 3
Concentrations of CO, NO and NO2.

Gas C0 (ppm)

CO 1053.74
NO 100.80
NO2 80.54

Fig. 6. Boundary conditions.
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day− 1, thus resulting in a one-dimensional tunnel increasing in length up
to a final distance of 2.1 km. The blasting parameters employed for every
advancement is considered in the model as an initial amount of toxic
gases (CO, NO and NO2), accumulated in the drilling face, that needs to
be ventilated for the workers to initiate a new operating cycle.

2.4.1. One-dimensional model for gas dispersion after blasting
A previously developed model by the authors to compute the tur-

bulent transport and molecular diffusion of toxic gases within a tunnel
section has been resolved numerically in MATLAB. A one-dimensional
model has been developed considering a third-order QUICK scheme to
analyze convective terms [38]. As shown in preliminary test, the explicit
approach is accurate for the temporal term. To assure sufficient stability
and convergence, a variable time step has been applied to keep both
Courant number and diffusion number below 0.1 and 0.05 respectively
as the length of the tunnel was progressively increased. A mesh size of
Δx = 1 m has been adopted for the longitudinal section in the tunnel.
The basic transport equation for gas concentration C in the tunnel has
been resolved as given in Eq. (9), while the effective diffusion coefficient
D in the transport equation has been estimated using Eq. (10), based on
the friction factor f computed in Eq. (11). Sc is a term source of gener-
ation or destruction of gas concentration in some area of the tunnel.
Finally, the hydraulic diameter (DH) is computed by applying Eq. (12), A
is the tunnel area (m2) and per is the tunnel perimeter (m).

∂C
∂t + u

∂C
∂x = D

∂2C
∂x2 + Sc (9)

D=5.05 DH u
̅̅̅
f
8

√

(10)

1
̅̅̅
f

√ =2 log10

(
DH

2ε

)

+ 1.74 (11)

DH =
4 A
per

(12)

A typical value of roughness in tunnels, ε = 0.015 m has been
adopted [41], resulting in a friction factor value of f = 0.023. For the
analytical approach, the duct area (1.8 m in diameter) is subtracted from
the practical area of the full face (68 m2), and a uniform air flow velocity
u is simply adopted as the ratio of the air volume and the cross-section of
the tunnel for the convective terms. However, to simulate the complex
three-dimensionality of the flow (especially in the dead end of the
tunnel), a longitudinal velocity variation has been finally implemented

-going from zero velocity to the maximum bulk flow-to consider the
initial reverse flow conditions. To analyze the whole excavation process,
this 1D dispersion model has been executed repeatedly to consider the
actual length of the tunnel, starting from zero (tunnel portal) up to the
final extension of 2.1 km, using a typical excavation rate of 5.4 m day− 1.
For every update of the tunnel length, the time required for the gas
concentration to reach a given minimum TLV is computed and accu-
mulated in order to estimate the total re-entry time required to fulfill
clean ambient conditions during the construction of the 2.1 km of the
tunnel. The TLVs (TWA and STEL) considered in the simulations are
shown previously in Table 1.

2.4.2. One-dimensional model for air leakage in the ventilation duct
The operating ventilation rate in the tunnel is provided by a venti-

lation system composed typically by a flexible leaky duct and an axial
fan equipped with a variable frequency drive [42]. However, due to the
difficult operative conditions, the ducts are susceptible of suffering
damage leading to leakages and flow losses. In addition, air leaks also
occur at the joints between the different duct segments. International
Standards allow to estimate those air leaks as a function of the material
maintenance, classifying ventilation ducts as S, A or B classes [43]. The
main parameters of the vent ducts, friction coefficient and active leakage
surface, are shown in Table 4 for the three duct classes considered. The
fan power required to overcome these losses can be then modelled
depending on the duct class and length (i.e., the tunnel length) and the
rest operative parameters.

For that purpose, an additional one-dimensional model has been
employed to calculate the required total inlet pressure for the fan in
order to ensure a net ventilation volume into the work area. Fig. 8 shows
a typical scheme of leaky ducts with a length L employed in tunnel
ventilation systems. The air volume in the heading face (Qw) is lower
than the air volume at the fan outlet (Qf) when leaky ducting systems are
employed in tunneling ventilation. Therefore, the air leakage flow rate
must be analyzed in order to ensure the needed airflow rate in the
working area. The airflow rate in the tunnel face area (Qw) can be

Fig. 7. (a) Grid sensitivity analysis. CO concentration-time curve at section Z = 150 m considering a ventilation volume of 40 m3 s− 1; (b) Time step size inde-
pendence study. NO2 concentrations at Z = 100 m considering a ventilation volume of 30 m3 s− 1.

Table 4
Ducting classes according to the Standard SIA 196 [42,43].

Ducting Quality Friction coefficient, λ (− ) Leakage surface, f’ (mm2 m− 2)

S 0.015 5
A 0.018 10
B 0.024 20
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obtained by applying Eq. (13).

Qw =Qf −
∑n

i=1
qi (13)

A 1D equations system defined by Eq. (14) and Eq. (15) was devel-
oped to determine the pressure drop as well as the air leakage along the
ducting (qi) and the air velocity along the forded ducts considering the
three duct classes. The fan output power can be obtained by applying Eq.
(16).

du
dx

=
4fʹ

d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2p

ρ(1 + ζ)

√

(14)

dp
dx

=
λ
d

ρ u
2

2
(15)

P=
pT Qf

η (16)

where u is the air velocity inside the ventilation duct (m s− 1), d is the
diameter of the ducting system (m), λ is the characteristic friction factor
(− ), and p represents the evolution of the static pressure along the
ducting system. Additionally, f’ represents a leakage parameter, whereas

ζ holds for a coefficient of minor losses, typically around 0.3 [40], P is
the fan power (W), pT is the total pressure (Pa), Qf is the ventilation
volume at the fan outlet (m3 s− 1) and η is the fan efficiency (%).

To achieve the required ventilation volume at the mouth of the vent
duct (Qw), the fourth-order Runge-Kutta method was systematically
applying MATLAB code to solve the equations system, so the distribution
of leakage flows, qi, in the scheme shown in Fig. 7 and Eq. (13) could be
determined. Note that this numerical routine required of an iterative
process to retrieve the impulsion flow rate of the fan to ensure the
desired net flow rate at the work area. A convergence threshold of 10− 3

was established, requiring approximately 10,000 iterations to reach the
final solution, especially in challenging scenarios (such as a represen-
tative situation with n = 10 leakage points). The model calculates
pressure and velocity distributions, denoted as p(x) and u(x), respec-
tively, along the ventilation duct as functions of the number of leakage
points. This iterative process is crucial for obtaining accurate and reli-
able results in the simulation, particularly when dealing with complex
conditions like multiple leakage points, which are equally spaced
throughout the system. Note again that these computations must be
revisited as the tunnel length is continuously enlarged according to the
previous sub-model, thus allowing to calculate the actual fan power
required as a function of the present tunnel length. A fully tight esti-
mation of the overall energy consumption required to complete the

Fig. 8. Air leakage scheme in forced ventilation ducts.

Fig. 9. Field measurements in a railway tunnel. (a) Location of flexible vent duct in the full section; (b) Top heading.

Fig. 10. Measuring points at Y = 1.6 m and Z = 25, Z = 75 m.
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Fig. 11. Field measurements and CFD data. (a) CO concentration at Z = 25 m; (b) CO concentration at Z = 75 m.

Fig. 12. CDF results. Concentration-time curves of noxious gases at different sections along the tunnel considering a ventilation volume of 40 m3 s− 1. (a) Con-
centration of CO; (b) Concentration of CO in the observation points at Z = 75 m; (c) Concentration of NO; (d) Concentration of NO2.
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excavation of the tunnel can be then obtained through the accumulated
number of energy consumptions for every tunnel advancement.

2.5. Model validation

In order to verify the precision of the CFD results, practical mea-
surements of the CO concentrations were conducted during the con-
struction works when the tunnel reached 200 m long, as illustrated in
Fig. 9. Fig. 9a shows the full section with the flexible ducting system. As
considered in the CFD model, the construction method used to excavate
the tunnel was top heading and benching. A volume of fresh air of 40 m3

s− 1 was used at the end of the ducting system under forcing ventilation
mode. The blasting parameters (type and quantity of explosives) used
during the blasting operations are those that were considered in the CFD
modeling. Emulsion explosives were utilized for excavating the primary
heading (Fig. 9b). A fan 250 kW power, including a frequency inverter
and a PVC ventilation duct 1.8 m in diameter, were employed. The end
of the forced duct was positioned at 25 m from the working area (Z =

175 m). Field measurements were conducted utilizing conventional
sensors (TROLEX TX 9165), which has a CO range of 0–1000 ppm. The
measurements were taken at a height of 1.6 m in two specific sections, Z
= 25 and Z = 75 m. The specific locations of the measuring points are
illustrated in Fig. 10.

Fig. 11 depicts a comparison between CFD results and field

measurements for the concentrations CO at Z = 25 m and Z = 75 m
employing an air volume of 40 m3 s− 1. The results reveal an excellent
agreement between CFD data and field measurements values at the
operating conditions considered. An error range of 3.34 % and 4.36 %
between the field measurements and the CFD results has been obtained
at Z = 25 m and Z = 75 m, respectively. This underscores the proficiency
of the conducted numerical model in accurately forecasting the disper-
sion of toxic gases released immediately after blasting works and
dependably determining safe re-entry times.

3. Results and discussion

3.1. CFD results

The simulations were conducted when the tunnel excavation reached
a length of 200 m. The evolution of the gases concentration over time is
shown in Fig. 12 using a ventilation volume of 40 m3 s− 1. The instant t =
0 s coincides with the start-up of the ventilation system after blasting,
being the instant at which the gas dilution process begins. The concen-
trations were analyzed at different sections along the tunnel, from the
tunnel face to the tunnel portal. As illustrated in Fig. 12, the concen-
trations profiles for the toxic gases exhibit an inverse-gamma like dis-
tribution, characterized by a rapid growth and a subsequent slower
decrease. Fig. 11a depicts the distribution of the CO concentrations at

Fig. 13. CDF results. Concentration-time curves of noxious gases at different sections along the tunnel considering a ventilation volume of 30 m3 s− 1. (a) Con-
centration of CO; (b) Concentration of CO in the observation points at Z = 75 m; (c) Concentration of NO; (d) Concentration of NO2.
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Fig. 14. Evolution of the CO concentration along the tunnel length at different times after blasting considering a ventilation volume of 40 m3 s− 1.

Fig. 15. Velocity profile along the tunnel (X = 0 m) at different times considering a ventilation volume of 40 m3 s− 1.
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different tunnel sections with a TLV of 25 ppm according to the values
showed in Table 1. The concentrations of NO and NO2 after blasting are
shown in Fig. 12c and d, respectively, with their respective TLVs. The
concentration peaks reached in different cross-sections decrease as the
fume plug progresses towards the tunnel portal. The results obtained
confirm that CO is the critical gas, requiring more time to reduce its
concentration to levels below those established in the TLVs according to
the regulations. The time elapsed from the end of the blasting until the
CO concentration drops below 25 ppm reaches 480 s. As seen in Fig. 12c
and d, the times to reduce the concentrations of NO and NO2 below the
exposure limits are lower.

Fig. 13 presents the evolution of the concentration of noxious gases
using a ventilation volume at the end of the ducting system of 30 m3 s− 1.
The CO concentration reaches levels below 25 ppm after 640 s from the
blasting, increasing the re-entry time into the work area compared to the
previous scenario. Fig. 12b shows the curve of concentration-time for CO
at section Z = 75 m at different points of the section. The CO concen-
tration peak experiences a delay compared to the scenario considering a
ventilation volume of 40 m3 s− 1 (Fig. 12b). All points exhibit identical
behavior in the growth phase, with small differences in peak values.
However, the evolution of the concentration varies at different points in
the tunnel section during the slow decline phase, with a higher con-
centration of CO at point P3, located beneath the vent duct, and lower
levels at point P6.

As has been seen in the results obtained in the CFD model, validated
with field measurements, the evolution of the CO concentration is
essential to determine the re-entry times into the works area after
blasting. Fig. 14 shows the evolution of the CO concentration (%) along
the tunnel, from the tunnel portal (Z = 0 m) to the drilling face (Z = 200
m), using a ventilation volume of 40 m3 s− 1 when the excavation length
reaches 200 m. The CO distribution is presented for different times after
blasting, t = 10, t = 50, t = 150, t = 250 and t = 400 s. The forced
ventilation system moves the gases towards the exit of the tunnel,
decreasing its concentration as the plug approaches the tunnel portal.

The velocity profile along the tunnel axis (X = 0 m) is shown in Fig. 15
during the entire process after blasting. Significant changes are observed
in the evolution of flow velocity as the toxic gases are diluted and

Fig. 16. Evolution of the CO concentration along the tunnel length at different times after blasting considering a ventilation volume of 30 m3 s− 1.

Fig. 17. Distribution of CO concentrations in different sections at t = 150 s
using a ventilation volume of 40 m3 s− 1. (a) Z = 75 m; (b) Z = 100 m; (c) Z =

125 m; (d) Z = 150 m.
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displaced towards the exit. This will have a significant impact on the
advection of toxic gases concentration, retarding the air renewal and
enlarging the safety time lapse between advance cycles. Therefore, this
effect should be introduced somehow in 1D dispersion models to achieve
more accurate predictions. The velocity distribution can be compared
with the evolution of the CO mass fraction presented in Fig. 14. High
speeds are observed in the vicinity of the tunnel face, where the
discharge of airflow occurs from the ventilation duct. The air velocity
reaches 15.7 m s− 1 at the duct outlet, impacting the tunnel face and
recirculating towards the mouth of the ducting, forming a vortex zone in
the working area.

Likewise, the evolution of the CO mass fraction is depicted in Fig. 16
from the tunnel face to the tunnel portal at the same times employing an

airflow rate of 30 m3 s− 1. The plug of toxic gases moves more slowly and
the peak values of CO increase in the same times compared to the sce-
nario that considers a higher airflow rate. Additionally, the distribution
of the CO concentration 150 s after the start of the gas dilution process at
different tunnel sections (75, 100, 125 and 150 m) is shown in Fig. 17
considering a ventilation volume of 40 m3 s− 1. As previously indicated
and presented in Figs. 12b and 13b, higher concentrations of CO are
observed on the side of the tunnel in which the ducting system is located,
requiring greater time for dilution. Note that Fig. 17d shows the top
heading while the rest of Fig. represent the full section of the tunnel. The
CO concentrations are illustrated in Fig. 18 in the same sections
employing a ventilation volume of 30 m3 s− 1. In general, higher levels of
CO are observed in the sections when the airflow rate of 30 m3 s− 1 is
used. Due to the greater ventilation volume, at the instant analyzed (t =
150 s) the gas plug does not reach section Z = 50 m using a flow of 30 m3

s− 1, compared to the scenario that uses a higher airflow, in which a
slight concentration of CO is obtained.

The results obtained considering a forced ventilation system have
been compared with an exhaust ventilation system. In an exhaust
ventilation system, the fresh air enters the tunnel, reaches the heading
face and returns, together with the noxious gases, through the ventila-
tion duct. The evolution of the CO concentration over time is shown in
Fig. 19 after the blasting, considering the exhaust ventilation system.
The toxic gases are concentrated only in the heading face area, not
affecting other areas of the tunnel. The safe re-entry times increase
compared to the forced system, reaching 765 and 1020 s using venti-
lation volumes of 40 and 30 m3 s− 1, respectively.

3.2. Results of 1D model for gas dispersion

The results of the analytical model are shown in Fig. 20 to predict the
re-entry times. Figs. 20a and b show the evolution of the CO concen-
trations at different sections employing ventilation volumes of 40 and
30 m3 s− 1, respectively. The concentrations profiles for CO, NO and NO2
exhibit a Gaussian-like distribution in the 1D analytical model, charac-
terized by rapid growth and subsequent decline. In contrast, CFD sim-
ulations present a pattern of rapid growth followed by a slower decline
in concentration. As obtained in the 3D CFD models, CO is the gas that
needs the most time to dilute its concentration below the exposure limits
established in the regulations. Re-entry times of 486 s and 649 s are
obtained in the 1D model using flow rates of 40 and 30 m3 s− 1,
respectively, showing excellent agreements with the results of the 3D
simulations.

Fig. 18. Distribution of CO concentrations in different tunnel sections at t =

150 s using a ventilation volume of 30 m3 s− 1. (a) Z = 75 m; (b) Z = 100 m; (c)
Z = 125 m; (d) Z = 150 m.

Fig. 19. CDF results. Exhaust ventilation mode. (a) Concentration-time curves of CO considering a ventilation volume of 40 m3 s− 1; (b) Concentration-time curves of
CO considering a ventilation volume of 30 m3 s− 1.
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The safe re-entry times increase as tunnel excavation work pro-
gresses. Fig. 21b presents the re-entry times for every advance cycle
considering typical tunnel advance rates of 5.4 m day− 1 and ventilation

volumes of 30 and 40 m3 s− 1. As it concerns the critical gas, the time
required to reduce CO concentrations has been taken into consideration.
At the last advance cycle (2.1 km), the re-entry time reaches 83.8 min for

Fig. 20. 1D model results. Concentration-time curves of noxious gases at different sections along the tunnel. (a) Concentration of CO at 40 m3 s− 1; (b) Concentration
of CO at 30 m3 s− 1; (c) Concentration of NO at 40 m3 s− 1; (d) Concentration of NO2 at 40 m3 s− 1.

Fig. 21. Re-entry times at the work areas considering ventilation volumes of 30 and 40 m3 s− 1. (a) Accumulated time for excavating the total length of the tunnel; (a)
Re-entry time every advance cycle.
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30 m3 s− 1, decreasing down to 62.8 min when the airflow increases up to
40 m3 s− 1. The accumulated re-entry time required for the tunnel
excavation is shown in Fig. 21a. The accumulated time for tunnel
excavation reaches 552 and 414 h for airflow rates of 30 and 40 m3 s− 1,
respectively.

3.3. Results of 1D model for air leakage and energy consumption

The ventilation volume varies along the ducting systems when leaky
ducts are used in ventilation schemes. Depending on the ducting quality,
a suitable design must be carried out to ensure the required ventilation
volume at the work area. In addition, the fan power and the energy
consumed by the ventilation system also depends on the duct class.
Fig. 22 shows the fan power (solid lines) and the air leaks (dotted lines)
along the 1.8 m in diameter ducting, considering the total excavation
length with ventilation volumes of 30 and 40 m3 s− 1 and three ducting

classes. According to the results presented in Table 5, the ventilation
volume at the outlet of the fan for a B class ducting reaches 39.6 and
52.9 m3 s− 1 to provide air volumes at the tunnel face of 30 and 40 m3

s− 1, respectively. The fan power increases when the pressure inside the
ducting system rises. Considering a B class duct for the total length of
excavation, the power required by the fan reached 170.1 and 403.2 kW
for airflow rates of 30 and 40 m3 s− 1, respectively. A typical fan effi-
ciency of 75 % was considered. The power of the fan decreases signifi-
cantly when the ducting condition improves.

Based on the results obtained in the fan power calculation, an
analysis of the power required for each advance cycle has been con-
ducted, regulating the fan power with the frequency converter.
Considering daily advance cycles of 5.4 m, Fig. 23 illustrates the evo-
lution of the consumed energy for the three ducting classes as the
excavation length increases. Finally, the accumulated energy by the
ventilation system for the tunnel excavation (2.1 km) is presented in
Fig. 24. Considering a typical B class duct (Fig. 24c), the energy reaches
551.35 and 1,306.92 MWh with air volumes at the tunnel face of 30 and
40 m3 s− 1, respectively. When the ducting quality improves, the energy
consumption decreases, reaching 278.60 and 660.39 MWh for 30 and
40 m3 s− 1, respectively, for a S class duct (Fig. 24a).

A balance between the re-entry times and the energy consumed by
the ventilation system has been carried out. Table 6 shows the accu-
mulated re-entry times and the energy consumption for the excavation
of the total length of the tunnel using air volumes of 30 and 40 m3 s− 1

and three ducting qualities. The re-entry time increases by 33.4 % when
the ventilation volume decreases from 40 to 30 m3 s− 1. However,

Fig. 22. Fan power and flow rate of leaks along the 1.8 m in diameter ducting system depending on the duct quality. (a) S Class; (b) A class; (c) B class.

Table 5
Air leaks along the ducting and fan power for 2.1 km long considering S, A and B
ducting qualities.

Ducting Quality Air leaks (m3 s− 1) Fan power at 2.1 km long (kW)

30 m3 s− 1 40 m3 s− 1 30 m3 s− 1 40 m3 s− 1

S 1.8 2.4 70.6 166.7
A 4.1 5.4 95.2 225,8
B 9.6 12.9 170.1 403.2

Fig. 23. Energy consumption along the tunnel excavation depending on the ducting class. (a) S Class; (b) A class; (c) B class.
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considering a typical B class duct, the energy consumption increases
from 551.35 to 1,306.92 MWh when the air volume increases up to 40
m3 s− 1.

3.4. Analysis of optimal ventilation volume

The mathematical model that has been developed allows deter-
mining the optimal ventilation volumes at the heading face. The optimal
ventilation volume is defined as that which results in the shortest re-
entry time without causing an increase in ventilation costs. The safe
re-entry time is reduced when the volume of fresh air increases. Based on
the diesel power operating simultaneously in the tunnel and the number
of workers, a minimum flow rate of 25 m3 s− 1 is required. The analysis of
the optimal ventilation volumes is presented in Fig. 25 using S, A and B

duct classes, considering airflow rates between 25 and 50 m3 s− 1.
Operating costs due to unproductive times after blasting (re-entry time
costs) and ventilation costs are determined. An energy cost of 160 €
MWh− 1 and operation costs of 700 € h− 1 are considered [42]. The
re-entry time costs decrease as the ventilation volume increases,
decreasing from 476.6 k€ to 238.3 k€ when the ventilation volume in-
creases from 25 to 50 m3 s− 1 employing B class duct (Fig. 25c).
Conversely, the ventilation costs increase from 51.0 k€ to 408.4 k€ when
the airflow rate increases up to 50 m3 s− 1. Therefore, optimal ventilation
volumes of 39, 37 and 33 m3 s− 1 are obtained for S, A and B duct classes,
respectively.

4. Conclusions

An assessment of the optimization of re-entry times after blasting
operations in underground excavations is presented. A railway tunnel
2.1 km long under forced ventilation system has been selected as a case
study to address productivity and safety concerns during the excavation
works. 3D CFD numerical and 1D analytical models were conducted to
predict re-entry times into the working areas considering a ducting
system 1.8 m in diameter and different ventilation conditions. Field
measurements were carried out to validate the precision of the results
obtained in the simulations. Then, additional novel models were
developed to evaluate the energy consumed by the ventilation system
and the air leaks along the ducting system considering three different

Fig. 24. Accumulated energy consumption by the ventilation system depending on the ducting class. (a) S Class; (b) A class; (c) B class.

Table 6
Accumulated re-entry times and energy consumption for the total excavation
length.

Ducting Quality Accumulated re-entry time (h) Energy consumption (MWh)

30 m3 s− 1 40 m3 s− 1 30 m3 s− 1 40 m3 s− 1

S
552 414

278.60 660.39
A 353.26 837.36
B 551.35 1,306.92

Fig. 25. Optimal air volume analysis considering re-entry time costs and ventilation costs. (a) S Class duct; (b) A class duct; (c) B class duct.
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qualities (S, A and B) of the ducting system. Finally, a balance between
the accumulated re-entry times and the energy consumption is carried
out for the analyzed scenarios.

The results obtained show that longer dilution times are required for
CO, compared to NO and NO2. The accumulated re-entry time for the
total excavation length reach 552 h using a ventilation volume at the
work area of 30 m3 s− 1. Re-entry times are reduced to 414 h when the
airflow rate increases to 40 m3 s− 1. Longer re-entry times are obtained
using an exhaust ventilation mode. The energy consumed by the venti-
lation process depends strongly on the quality of the duct used. The
energy consumed by the ventilation system reaches 551.35 MWh
considering a typical B class duct and a ventilation volume of 30 m3 s− 1.
However, the energy consumption increases up to 1,306.92 MWh when
the airflow rate increases to 40 m3 s− 1. A significant reduction in energy
consumption is obtained when the quality of the ventilation duct im-
proves, reaching 660 MWh for a class S and an air volume of 40 m3 s− 1.

Finally, optimal ventilation volumes were investigated considering
airflow rates at the heading face between 25 and 50 m3 s− 1. Operating
costs due to unproductive times after blasting (re-entry time costs) and
ventilation costs are compared employing different duct qualities.
Optimal ventilation volumes of 39, 37 and 33 m3 s− 1 are obtained for S,
A and B duct classes, respectively.
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and measurements at Kárahnjúkar Iceland. Tunn Undergr Space Technol 2009;24
(6):706–15.

[42] Menéndez J, Fernández-Oro JM, Merle N, Galdo M, Álvarez L, López-Fanjul C,
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