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Abstract. In the process of drilling and blasting construction of mountain tun-
nel, CO gas produced by blasting will endanger the life safety of construction
personnel, and the construction progress will be affected if CO emission is not
timely. Based on the construction of a mountain tunnel by drilling and blasting
method in Yunnan province, the amount of CO produced during blasting is cal-
culated theoretically, and the variation rule of CO concentration with time is ob-
tained from the actual measurement. The numerical calculation model of tunnel
ventilation is established, the migration rule of CO gas during ventilation after
blasting is analyzed, and the ventilation strategies of different construction areas
of the tunnel (at and away from the face of the tunnel) are given. The research
conclusions are as follows: The field measured CO concentration surges during
blasting, and decreases to the safe concentration after 171min of ventilation.
The field ventilation time is much higher than the standard requirements, indi-
cating that the actual ventilation wind speed of the tunnel does not meet the
needs of ventilation. The numerical calculation shows that the concentration of
CO in different areas of the tunnel increases first and then decreases with time.
The farther away from the face of the palm, the lower the maximum concentra-
tion of CO, and the longer the retention time of CO air mass. After 1h ventila-
tion, CO concentration in the area beyond 1500m from the tunnel face failed to
decrease to the allowable concentration. If the wind speed of the air duct outlet
is attenuated, the reach time of CO concentration in the tunnel face area will in-
crease significantly. When the wind speed is attenuated by 30%, the reach time
of CO concentration increases from 424.5s to 1393s. After adding a local fan
1500m away from the face of the palm, the maximum CO concentration and the
retention time in each area decreased, and the CO concentration in all areas
could be reduced to the allowable concentration after 1h ventilation.
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1 Introduction

Tunnels play a critical role in transportation and infrastructure development. With the
continuous advancement of China’s Western Development Strategy, an increasing
number of mountain tunnel projects have been implemented. The total length of
highway tunnels in China has been growing at an average annual rate of 20%!!). Since
mountain tunnels are predominantly constructed using the drilling and blasting meth-
od, harmful gases such as carbon monoxide (CO) are generated during blasting exca-
vation, necessitating enhanced ventilation to reduce their concentrations. However,
current tunnel ventilation management often relies on empirical practices at construc-
tion sites, leading to suboptimal ventilation efficiency. Consequently CO concentra-
tions may rise to hazardous levels, jeopardizing the safety of construction personnel?,
Therefore, it is imperative to investigate the migration patterns of CO during tunnel
ventilation and design corresponding ventilation strategies based on actual conditions
to ensure worker safety!?.

Numerous scholars have conducted extensive research on the migration patterns of
CO in tunnels. Wang Linfeng!! examined the impact of ventilation duct damage on
CO discharge by considering three factors: airflow velocity in ducts, the distance
between duct outlets and excavation faces, and the number of outlets. Liu Qingkuan!®!
explored CO diffusion patterns under the unique high-altitude and high geothermal
environments during tunnel construction ventilation. Zhang Zhigang!® established a
random forest model for predicting CO concentrations in highway tunnels using field-
monitored CO data, incorporating input features such as monitoring point locations,
traffic volume, vehicle speed, and airflow velocity. Zhu Zhengguo!”! employed nu-
merical simulation software to analyze CO distribution after blasting in a "three-
tunnel parallel" configuration for subsea tunnels and optimized the placement of jet
fans in cross passages. Zou Zongliang!® conducted on-site measurements of CO dis-
tribution during blasting in high-altitude tunnels, comparing CO diffusion under ven-
tilation and water curtain dust suppression. Zhao Shulei® investigated CO migration
patterns under extreme ventilation distances in the Mila Mountain extra-long tunnel
using numerical simulations and validated the results with field data. Li Zijun'”? stud-
ied the effectiveness of CO diffusion in a twin-tunnel forced ventilation system and
proposed improved ventilation management measures. Li Luheng!'!! developed a
multi-stage ventilation scheme for the Badaling Great Wall Station and evaluated the
rationality of long-distance single-head excavation ventilation through numerical
simulations. Duan Zheng!'?! analyzed the time characteristics of procedures in tunnel-
ing by the drilling and blasting method and discussed the influence of each procedure
on the construction duration of the tunnel.

In summary, significant progress has been made in understanding the distribution
patterns of CO during both construction and operational phases. However, existing
studies predominantly rely on short-term measurements using portable gas detectors,
lacking long-term automated monitoring of CO generated by tunnel blasting. Addi-
tionally, numerical simulations often neglect CO concentration distributions in areas
beyond the excavation face and fail to address mitigation measures for CO concentra-
tion exceedances in non-excavation zones. To address these gaps, this study imple-
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ments long-term automated monitoring of CO concentrations during blasting opera-
tions and investigates CO migration patterns and ventilation control strategies under
ventilation conditions.

2 CO Generation During Blasting Operation

This study is based on a mountain tunnel in Yunnan Province with a total length of
7.6 km and a cross-sectional area of 50.2 m2. The tunnel was constructed using the
drilling and blasting method, with forced ventilation employed during construction.

The formula for calculating the mass fraction of CO within the blast fume throw
range is given as!'’!

28 Gb
C=""x— (1)
29 LA

Where C denotes the mass fraction of CO (%);b represents the CO gas volume
generated per kilogram of explosive detonation, typically taken as 0.04 m3/kg; L is the
blast fume throwing distance (m);A indicates the tunnel cross-sectional area, which
measures 50.2 m? in this case.

The empirical formula for blast fume throwing distance is expressed as:

G
L=15+— (2)
5

Where G refers to the explosive quantity per blasting cycle, with 220 kg used in
this tunnel.

Based on the above parameters, the blast fume throwing distance for a single tun-
nel blasting was calculated to be 59 m, and the CO mass fraction within this range
reached 0.00287%.

To investigate CO distribution patterns, an environmental automatic monitoring
system was deployed in the tunnel face area. This system collects real-time construc-
tion site data via sensors, processes the information through backend analytics, and
displays environmental metrics at a sampling frequency of 1 minute. The instrumenta-
tion layout is illustrated in Fig. 1.

The CO concentration data collected through five consecutive days of continuous
monitoring after instrument installation were analyzed, as illustrated in Fig. 2.

As shown in Figure 2, the CO concentration in the tunnel fluctuated over time.
During blasting events, CO levels surged abruptly followed by rapid declines due to
ventilation effects . Each observed peak corresponds to a blasting process. Notably,
the measured CO concentrations varied across events (range: 0-2,533.2 mg/m?) due
to varying explosive quantities used in actual operations. The maximum recorded
concentration of 2,533.2 mg/m® converts to a mass concentration of approximately
0.002%. The discrepancy between monitored and theoretical values arises from two
factors: (physical separation between monitoring sensors and the immediate blasting
zone, and operational adjustments in explosive usage.
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Fig. 1. Site layout of environmental monitoring system
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Fig. 2. CO concentration change over time

The time period when the peak concentration of CO is the largest is plotted as
shown in Fig. 3.

As demonstrated in Figure 3, the CO concentration within the tunnel remained at 0
mg/m? prior to blasting due to prolonged ventilation. Upon detonation, CO levels
spiked instantaneously to peak values, followed by a gradual decline until complete
dissipation. The duration required for CO concentrations to decrease from peak levels
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to the regulatory threshold of 20 mg/m? totaled approximately 171 minutes—far ex-
ceeding the mandated 30-minute standard. This discrepancy indicates inadequate
ventilation performance at the tunnel face, primarily attributed to two operational
deficiencies:Suboptimal management of ventilation fans, particularly their failure to
operate at required power outputs;Compromised integrity of ductwork with extensive
air leakage caused by on-site pipeline damage.
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Fig. 3. CO concentration change during blasting

3 CO Migration Patterns During Blasting Under
Ventilation Mode
3.1 Calculation of Required Ventilation Airflow Rate

The regulatory formula for determining the ventilation airflow required to disperse
blasting fumes is expressed as!'l:

Qz%i/A-b-Sz-LZ-K/PZ 3)

Where t denotes the ventilation time in minutes; A represents the consumption of
blasting reagent in kilograms; b indicates the volume of harmful gas produced by 1
kilogram of explosive, typically taking a value of 40 liters. S is the cross-sectional
area of the roadway in square meters; L represents the length of the roadway or the
critical length in meters; K is the coefficient accounting for the reduction in fume
concentration due to water spraying; P denotes the air leakage coefficient within the
calculated length range of the roadway.

Under conditions neglecting groundwater effects the calculated required airflow
rate for fume dispersion is 890.91 m?*/min.
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3.2 Numerical Model for CO Migration

The governing equations for airflow dynamics in tunnels are derived from the mass
conservation law and momentum theorem, forming the foundational framework for
simulating air motion!'].

opC N o(pC) 0

oC
—T.—)+S 4
ot ox ax( Cax) ¢ )

Where p Air density (kg/m?); C is the concentration of pollutants in the air, which
is a physical quantity that varies with time and place.

The pollutant transport equation simplifies under the assumption that convective
effects dominate over molecular diffusion in ventilated tunnels:

0(pC)  puC) _
ot ox

(&)

Model Assumptions:

(1) The fluid is a viscous incompressible fluid;

(2) The heat transfer on the wall surface and the dissipated heat caused by the work
done by the viscous force of the fluid are not taken into account.

(3) Suppose that in the initial state, CO is uniformly distributed within the throwing
distance of the cannon smoke;

(4) The influence of construction personnel and construction machinery vehicles in
the tunnel on the air flow field is not taken into account.

A tunnel model incorporating a secondary lining trolley was established, with a to-
tal length of 2000 meters as shown in Figure 4. The initial CO concentration in the
blasting smoke discharge area was set to the theoretically calculated value of 0.00287,
and the simulation duration was configured as 1 hour.

——
(|

Veny;
Outiey 100 Dy

Tunnel Face
Blast Hole Throw Zone

Fig. 4. tunnel numerical calculation model
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3.3  Analysis of Calculation Results

Eight cross-sections at distances of z =5, 300, 600, 900, 1200, 1500, 1800, and 2000
meters from the tunnel working face were selected from the three-dimensional tunnel
model. Starting from the blasting moment (t = 0 s), the temporal variations in the
average CO mass fraction across these cross-sections during ventilation were moni-
tored, as illustrated in Fig. 5. Additionally, the maximum CO concentrations and the
retention times during which CO concentrations exceeded safety thresholds for differ-
ent cross-sections are summarized in Table 1.
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Fig. 5. Plot of CO mass fraction over time

Table 1. Type Styles

Distance from Tunnel Maximum Concentration
Residence Time (s)
Face (m) (%)
5 0.00287 761

300 0.001967 1045

600 0.001252 1294

900 0.00095 1587

1200 0.000691 1853

1500 0.000536 2105

1800 0.000315 Did not reacljn the safe con-
centration level

2000 0.000178 Did not reacljn the safe con-
centration level

For the cross-section within the blast smoke ejection zone (z = 5 m), the initial CO
mass fraction was 0.00287. As ventilation progressed, the CO concentration gradually
decreased, falling below the permissible threshold within approximately 600 s. For
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the cross-section at z = 300 m, the CO concentration dropped to the permissible level
after about 1200 s, indicating that CO plumes within the 300 m range from the work-
ing face were fully expelled after 20 minutes of ventilation. This allows construction
personnel to re-enter the working face area 20 minutes post-blasting.

For cross-sections outside the blast smoke ejection zone, the CO mass fraction ex-
hibited a two-phase trend of initial rise followed by decline. This occurs as fresh air
displaces and dilutes the CO plumes, pushing them outward. Cross-sections closer to
the working face experienced earlier CO concentration increases, higher peak concen-
trations, and shorter overall retention times. For instance, at z= 300 m, CO concentra-
tions began rising at 134 s, reached a peak of 0.00196 (68.3% of the initial maximum)
after 112 s, and dropped to zero after 1410 s. In contrast, at z = 1500 m, CO concen-
trations started rising at 1438 s, peaked at 0.00054 (18.8% of the initial maximum)
after 475 s, and remained above the permissible threshold even after 1 hour of ventila-
tion. These patterns manifest in Figure 5 as larger peaks and shorter fluctuation dura-
tions for cross-sections closer to the working face. This behavior arises because CO
plumes, driven by fresh air, expand and dilute as they propagate outward, leading to
reduced peak concentrations and prolonged retention times at distant cross-sections.

Table 1 reveals that while maximum CO concentrations diminish with increasing
distance from the working face, CO levels remain above safety thresholds for extend-
ed periods. The retention time exceeding safety standards increases with distance: 761
satz=>5m, 2105 s at z= 1500 m, and cross-sections beyond 1500 m still exhibited
unsafe CO levels after 1 hour of ventilation.

The analysis demonstrates that when tunnel ventilation meets theoretical require-
ments:CO concentrations within 300 m of the working face drop to zero after 20
minutes of ventilation. CO levels in the 300-1500 m range generally fall below safety
thresholds after 1 hour and continue decreasing with extended ventilation. Beyond
1500 m, CO concentrations remain unsafe even after 1 hour of ventilation. Although
CO plumes take longer to reach these distant regions, subsequent coverage by ex-
panding CO clouds renders them unsafe for construction. In tunnels with tight sched-
ules, concurrent operations in front and rear sections may face significant delays if
CO plumes are not promptly expelled, adversely impacting project timelines.

4 Ventilation Control Strategies for CO Dilution

4.1 Tunnel Face Ventilation Strategy

As the tunnel working face represents the initial contact zone for fresh air from venti-
lation ducts, this region exhibits the earliest decline in CO concentrations along the
tunnel alignment. However, onsite duct management challenges—particularly vulner-
ability to mechanical damage from heavy construction equipment, leading to air leak-
age—necessitate investigation into airflow-CO clearance relationships. Four monitor-
ing planes (z =5, 30, 60, and 100 m) near the working face were analyzed under three
airflow reduction scenarios (70%, 50%, and 30% of designed capacity) to quantify
CO dispersion dynamics, as illustrated in Fig. 6.
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Fig. 6. Effect of wind speed attenuation on the target time of CO concentration

As illustrated in Fig. 6, the CO clearance times across all monitoring planes exhibit
a progressive increase with declining airflow velocities at the ventilation outlet. At
undiminished airflow velocity , compliance thresholds for CO concentrations were
achieved within 283.5 s at the z =5 m plane and 424.5 s at the z = 100 m plane. How-
ever, when airflow velocity attenuated to 30% of design capacity, clearance times
escalated to 757 s (z =15 m) and 1393 s (z = 100 m, approximately 23.2 min), impos-
ing substantial delays on construction workflows. These findings underscore the criti-
cal necessity of maintaining design-specified outlet velocities to satisfy post-blast
fume extraction requirements. Practical implementation mandates the deployment of
appropriately sized fans, structurally robust ducting systems, and rigorous mainte-
nance protocols to mitigate airflow deficiencies arising from undersized equipment,
duct perforations, or flow-restricting bends.

4.2 Remote Construction Zones (>1500 m from Working Face)

As indicated by preceding conclusions, during extended tunnel advances, CO plumes
can be expelled from the 300 m zone near the working face within a relatively short
duration. However, their total residence time within the tunnel remains prolonged.
During longitudinal dispersion, the influence area of CO plumes expands progressive-
ly, accompanied by incremental increases in cross-sectional residence times. In con-
struction zones distal to the working face (e.g., cable trenches and secondary lining
trolley areas), CO plumes exhibit delayed arrival post-blasting and require extended
durations to dissipate below safety thresholds. This necessitates construction person-
nel to await complete plume evacuation before resuming operations in affected zones,
significantly impeding tunneling progress.

To address this challenge, this study proposes a rapid CO mitigation strategy for
non-face construction zones: the installation of auxiliary fans to accelerate plume
evacuation. This approach achieves localized acceleration of CO removal from target
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zones, reduction of transverse dispersion ranges, and expedited dilution of CO con-
centrations in pending construction areas.
Two auxiliary fan planes were positioned 1500 m from the tunnel working face

and configured as fan boundary conditions in the computational model, as illustrated
in Fig. 7.

Fig. 7. Diagram of adding a local fan to the tunnel

The temporal variation of the average CO concentration across various planes was
calculated and is illustrated in Fig. 8.
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Fig. 8. Plot of CO mass fraction over time

The statistical analysis of peak CO concentrations and residence times exceeding
safety thresholds for different planes is quantitatively summarized in Table 2.



290 L. Wang et al.

Table 2. The relationship of the maximum CO concentration and the retention time with the
distance from the palmface

Distance from Tunnel Maximum Concentration
Residence Time (s)
Face (m) (%)

5 0.00287 567.5
300 0.00195 656.5
600 0.00114 875.7
900 0.000777 683
1200 0.000583 703.5
1500 0.000374 825
1800 0.000157 774
2000 0.000126 725

As demonstrated in Fig. 8 and Table 2, the installation of auxiliary fans moderately
accelerates CO concentration reduction at the working face, decreasing the time re-
quired for CO levels to decline to safe thresholds from 761 s to 656.5 s. Concurrently,
the peak CO concentrations and residence times above safety limits are reduced in
non-face regions.The operational mechanism involves two airflow modifications in-
duced by localized negative pressure near auxiliary fans:Enhanced Longitudinal Dis-
persion: Air upstream of the working face accelerates toward the tunnel exit under
negative pressure, reducing both peak CO concentrations and residence timesin face-
proximal zones.Fresh Air Infusion. External air converges into the tunnel through
auxiliary fan zones, diluting CO plumes via turbulent mixing, thereby further sup-
pressing peak concentrations.

While these flow field alterations extend the longitudinal dispersion range of CO
plumes, they systematically reduce both maximum concentrations and residence
times across all transverse planes. Post-ventilation monitoring confirms CO concen-
trations at auxiliary fan locations reach permissible levels within 1,800 sFull tunnel
clearance (all planes < permissible thresholds) is achieved within 3,600 sThis ventila-
tion optimization ensures uninterrupted construction progress by maintaining compli-
ance with occupational exposure limits.

5 Conclusions

This study systematically investigated CO migration patterns and ventilation control
strategies in mountain tunnel construction using drill-and-blast methods through theo-
retical analysis, field measurements, and numerical simulations. Key findings are
summarized as follows:

(1) Theoretical calculations revealed a fume throw zone of 59 m during blasting in
the case study, with a maximum CO mass fraction of 0.00287. Field instrumentation
recorded a peak CO concentration of 0.002, validating the computational model.

(2) Field monitoring demonstrated that CO concentrations instantaneously peaked
upon detonation, requiring 171 minutes of ventilation to reach regulatory safety
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thresholds. Measured airflow velocities proved insufficient for effective contaminant
removal.

(3) Numerical simulation results indicate that CO plumes form within the tunnel
following blasting and gradually disperse toward the portal under ventilation effects.
A pronounced proximity correlation exists regions closer to the working face exhibit
higher peak CO concentrations yet shorter plume residence times. Critical limitations
emerge under theoretically calculated ventilation rates: the region 1500 m down-
stream of the working face fails to achieve CO permissible concentration thresholds
even after 1 hour of ventilation.

(4) Outlet velocity decay prolongs the time required for CO concentration at the
working face to reach compliance thresholds. Field operations necessitate enhanced
management of ventilation fans and ducting systems to maintain outlet velocities
within operational requirements.

(5) Following the installation of auxiliary fans, reductions in both peak CO concen-
trations and CO plume residence times were observed across all tunnel zones. Post-
implementation monitoring confirmed that CO levels in all regions were maintained
below permissible concentrations within 1 hour of ventilation
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