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Abstract. The stability and efficiency of ventilation systems in underground coal mines are crucial for ensuring production
safety and protecting workers’ health. Air leakage not only reduces the efficiency of fresh air supply to working places, includ-
ing longwall faces, dead-end roadways, and large underground openings, but also contributes to hazards such as spontaneous
coal combustion and methane accumulation, which may lead to explosions. In addition, air leakage significantly increases the
energy consumption of main fan operation. Therefore, it is necessary to investigate and propose solutions to reduce air leakage
in underground coal mines. Based on the mining and ventilation layout, as well as the existing ventilation works, the authors
carried out field surveys, measurements, analyses, and evaluations in order to propose measures for reducing air leakage
through mine ventilation works. In addition, several design solutions for ventilation gates, ventilation doors, and retaining
walls were proposed for application in underground coal mines of the Quang Ninh coalfield, Vietnam. The research methods
used in this study included data collection, field surveys, in-situ measurements, field analysis, and evaluation of the obtained
results. The proposed solutions have been applied in mine production and have shown positive results, including reduced air
leakage, improved ventilation efficiency, better operating performance of the main fans, and lower ventilation costs for the
entire mine. The results of this study can also serve as a basis for underground coal mines to develop ventilation plans and to
select and install appropriate ventilation works for reducing air leakage throughout the mine.
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1. Introduction air leakage in a mine. Excessive leakage reduces the amount
of air delivered to active workings, worsens underground
microclimatic conditions, and negatively affects both labour
productivity and workers’ health. In mines with high me-
thane emissions, insufficient air quantity may also prevent
methane dilution to permissible limits, thereby increasing the
risk of fires and explosions [2].

Many studies have addressed the issue of air leakage in
underground mines. Previous research has focused on gas
control, mine climate, and ventilation processes [3-5]; the
characteristics, mechanisms, and intensity of air leakage [6-
8]; airflow simulation and the influence of leakage on mine
ventilation networks [9-15]; and the regularities of air leak-
age in underground coal mines [16-18]. Other studies have
considered optimization of ventilation networks to reduce
leakage losses [19-23], the influence of leakage on spontane-
ous combustion hazards and fire prevention measures [24-
27], as well as air leakage in complex coal mines, mine mi-
croclimate assessment, and energy-saving solutions for venti-
lation systems [28-30]. In the Quang Ninh coalfield of Vi-
etnam, a number of studies have also investigated leakage

Underground coal mines operated by Vietnam National
Coal-Mineral Industries Holding Corporation Limited are
currently facing a number of ventilation-related challenges.
Mining activities are being conducted at increasing depths,
many mines are classified as grade |11 or supergrade in terms
of gas emission, and ventilation systems are becoming more
complex, especially in mines where several levels are mined
simultaneously. Under such conditions, significant air leak-
age through ventilation structures often occurs, resulting in
an insufficient air supply to working places [1].

Air leakage refers to the transfer of air from intake air-
ways to return airways without passing through the required
working places, such as mining faces, development headings,
or large underground openings. It can be classified into inter-
nal and external leakage. Internal leakage occurs within min-
ing districts and ventilation structures inside the mine,
whereas external leakage mainly occurs through fan drifts
and main fan installations. In practice, leakage through venti-
lation structures may account for 70-90% of the total internal
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resistance and leakage assessment in mines [31, 32], ventila-
tion network evaluation and ventilation door systems at Khe
Cham Coal Mine [33-35], and the operating conditions of
main fan stations at several mines, including Nam Mau Coal
Mine [36-39].

Although these studies have made an important contribu-
tion to understanding and controlling air leakage in under-
ground coal mines, they have generally focused on individual
mines, specific ventilation installations, or individual aspects
of ventilation performance. A systematic and large-scale
survey of ventilation structures in underground coal mines of
the Quang Ninh coalfield has not yet been carried out. In
practice, many mines attempt to compensate for leakage by
increasing the total air quantity supplied underground. How-
ever, this approach increases electricity consumption, accel-
erates ventilation equipment wear, and may destabilize the
ventilation network without eliminating the root causes of
leakage. Therefore, a comprehensive study aimed at identify-
ing and proposing effective measures to mitigate air leakage
through ventilation structures in underground coal mines of
the Quang Ninh coalfield is both necessary and timely. The
results of this study can serve as a practical basis for improv-
ing ventilation efficiency and enhancing mine ventilation
safety in the region.

2. Materials and methods

2.1. Ventilation works in underground coal mines

Ventilation doors are among the most important ventila-
tion works used for regulating and directing airflow in under-
ground coal mines. Due to the dense network of tunnels,
underground coal mines often use hundreds of ventilation
doors installed at different locations. These doors are concen-
trated in crosscuts, transport tunnels, and areas adjacent to
ventilation shafts. Their main role is to separate airflow, pre-
vent bypassing between fresh and dirty air flows, regulate and
distribute airflow to longwall faces and preparatory faces
according to the ventilation design, and facilitate transporta-
tion by allowing people, equipment, and electric trains to pass
through while ensuring the isolation of the ventilation system.

Ventilation doors include automatic ventilation doors, re-
versing ventilation doors, and manual ventilation doors.
Automatic ventilation doors are widely deployed in modern
mines such as Ha Lam, Khe Cham, and Vang Danh. These
doors use hydraulic or pneumatic piston systems, allowing
electric trains to pass through without stopping for manual
opening. Reversing ventilation doors are designed with two-
way hinges to ensure stable operation when the main fan
system reverses the airflow in the event of a malfunction.
Manual ventilation doors are still used in preparatory furnace
areas and in medium- and small-scale mines.

The materials commonly used for manufacturing ventila-
tion doors are steel or wood covered with corrugated iron.
Some modern mines are gradually switching to composite
plastic or high-strength steel doors in order to prevent corro-
sion in humid environments.

A ventilation gate is a ventilation work constructed in
mine tunnels to separate fresh air from dirty air. It is installed
in mine workings that must remain airtight but are also fre-
quently used by personnel and transport vehicles. To effec-
tively isolate air flows and minimize air leakage, at least two
ventilation gates should be installed simultaneously in order
to create an air chamber.
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Retaining walls are used in areas where mining has been
completed and in tunnels that are temporarily shut down for
more than six months. Before constructing a retaining wall,
all materials, equipment, and electrical cables in the tunnels
must be removed.

Retaining walls include fixed retaining walls and tempo-
rary retaining walls. Fixed retaining walls are built to isolate
tunnels and areas where mining has been completed, as well
as tunnels that are temporarily shut down or not used for a
period longer than six months. In the case of fire-resistant
retaining walls, the wall is built of stone or solid brick, with a
thickness of at least 0.55 m. In other tunnels, the retaining
wall is constructed of solid brick, with a thickness of 0.45 m.
Temporary retaining walls are built to isolate tunnels and
mining areas where production is temporarily suspended for
a period of up to six months. These walls are usually con-
structed of sandbags or soil, with a thickness of at least
0.6 m. The wall is built at a distance of no more than 4 m
from the fresh airflow.

2.2. Classification, types and consequences of air leakage

2.2.1. Classification of air leakage

Air leakage in underground coal mines can be classified
into underground air leakage, surface air leakage, and mine-
wide air leakage. Underground air leakage, or in-mine air
leakage, occurs within mine ventilation works such as venti-
lation doors, ventilation gates, retaining walls, air bridges,
and previously mined-out areas. Surface air leakage, or ex-
ternal air leakage, occurs at the main fan station or between
the ground surface and the ventilation shaft. This may in-
volve air leaking from the surface into the ventilation shaft
when exhaust fans are used, or air leaking from inside the
mine to the outside when forced fans are used in the ventila-
tion shaft. Mine-wide air leakage includes both in-mine and
surface air leakage.

2.2.2. Types of air leakage

According to its distribution characteristics, air leakage
may be classified as localized, continuously distributed, or
mixed. Localized air leakage refers to leakage concentrated
at a specific location, such as leakage through ventilation
works. Continuously distributed air leakage occurs along a
certain length or area, for example through parallel tunnels or
excavated zones. Mixed air leakage combines both localized
and continuously distributed leakage. For example, air leak-
age may occur through a pair of parallel tunnels excavated in
a coal seam, where localized leakage takes place through the
retaining walls of the connecting tunnel, while continuously
distributed leakage occurs through the coal pillar between the
two tunnels.

2.2.3. Consequences of air leakage

The consequences of air leakage are serious and multi-
faceted. First, air leakage reduces the airflow supplied to
consumption places, especially at the main mining faces,
where workers operate and where methane and other harmful
gases are present. Second, insufficient airflow worsens
workplace conditions, making the air hotter and stuffier due
to inadequate dilution of contaminants and insufficient cool-
ing, which in turn reduces labour productivity and increases
the risk of heat stress and worker fatigue. Third, in mines
with high methane emissions, insufficient airflow may pre-
vent methane concentrations from being diluted below the
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permissible limit of 1%, and any sudden increase in methane
concentration may lead to catastrophic mine fires or explo-
sions. In addition, air leakage increases production costs,
since the mine must operate the main fans at higher power in
order to compensate for airflow losses and maintain the re-
quired air quantity at mining faces. This results in higher
electricity consumption and greater maintenance costs. Final-
ly, air leakage complicates ventilation management, leading
to inaccuracies in the calculation and adjustment of the over-
all mine ventilation regime.

2.3. The influence of air leakage on the working mode of
the main fan

Figure 1 shows the general schematic diagram for deter-
mining the optimal operating point of the main fan, thereby
determining the fan's working mode. The graph shows that
once point A is determined as the optimal operating point of
the main fan, the air pressure of ha and the airflow of Qa
generated by the fan, as well as the impeller angle and fan
power, can be determined. This forms the working mode of
the main fan for ventilating the entire mine.

\
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Figure 1. Influence of air leakage on the operating mode of the
main fan in underground coal mines: Ra, Ry — mine resistance char-
acteristic curves; ha— fan pressure at operating point A; Qa—airflow
at operating point A; he—fan pressure at operating point B;
QB —airflow at operating point B

In the case of air leakage in underground coal mines, the
total resistance of the ventilation network decreases as the
leakage airflow increases. This is because part of the airflow
bypasses the intended working places through leakage paths,
thereby changing the aerodynamic resistance of the mine
ventilation network. As a result, the mine resistance charac-
teristic curve shifts downward to curve Rb, and the fan oper-
ating point moves from A to B. Consequently, the airflow
required from the fan increases from Qa to Qg, while the fan
pressure decreases from ha to hg, as shown in Figure 1. This
increased airflow can, in many cases, lead to motor overload
or even motor burnout. In axial fans, when the operating
point shifts to the right side of the characteristic curve, this
risk is particularly high.

The influence of air leakage on the working mode of ven-
tilation fans is especially negative when the main fans are
connected in parallel, because the operating parameters of
the fan may shift to a very low-efficiency zone.

From the practical problems mentioned above, it is clear
that measures to prevent air leakage must be applied regular-
ly to ensure ventilation safety and the stable operation of
underground coal mines.
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2.4. Standards for air leakage through ventilation works
in underground coal mines

2.4.1. Standards in some countries around the world

In Russia, a considerable number of studies have been con-
ducted on mine ventilation in general and on air leakage in
particular. The external air leakage coefficient through ventila-
tion shafts and air ducts is adopted according to the following
values [40, 41]. For fan stations located in vertical shafts, the
maximum external air leakage coefficient is Ky, =1.25 for
shafts equipped with skip hoisting, which corresponds to 25%
of the airflow through the fan, and K., = 1.20 for shafts
equipped with cage hoisting, which corresponds to 20% of the
airflow through the fan. For fan stations located in a fan drift
without connection to ventilation shafts, or in ventilation shafts
without transport devices and sealed by ventilation gates, the
maximum external air leakage coefficient is K, = 1.10, corre-
sponding to 10% of the fan airflow. For fan stations located in
fan drifts connected to ventilation shafts, or in ventilation shafts
with transport devices, the maximum external air leakage coef-
ficient is Km = 1.20, corresponding to 20% of the fan airflow.
Thus, external air leakage depends on the function of the venti-
lation shaft connected to the fan drift where the fan station is
located, particularly on whether transport devices are present,
as well as on the cross-sectional area of the fan drift. According
to Russian calculations, external air leakage ranges from 1.10 to
1.25, which corresponds to 10% to 25% of the fan airflow.

According to Romanian safety standards, the air leakage
limits in underground coal mines are as follows [41]. Air leak-
age should not exceed 5% if the mine has only one airflow,
that is, when air enters and leaves the mine through a single
flow path. It should not exceed 10% if the mine has two air-
flows, that is, when air enters and leaves the mine through two
different flow paths. It should not exceed 15% if the mine has
more than two airflows, that is, when air enters and leaves the
mine through multiple different flow paths. The air leakage
standards of Romania and Russia were established during
approximately the same period, namely in the 1970s and
1980s, and therefore the construction methods and the air
leakage values specified in the standards are quite similar.

China currently has a highly developed mining industry.
Underground coal mines in China operate under relatively
favorable conditions for the application of mechanization and
automation in many production stages, including mine ventila-
tion. In China, mine ventilation is regulated on the basis of the
“Safety Regulations in Coal Mining” [42] and the “Standards
for Assessing the Safety Quality of Coal Mines”. For under-
ground mine ventilation in China, there are no specific stand-
ards defining the permissible level of air leakage for each
individual type of ventilation structure, such as ventilation
doors, air bridges, ventilation gates, or retaining walls. How-
ever, the calculation guidelines and mine safety management
regulations include several relevant requirements. In particu-
lar, the ratio of required airflow, namely the airflow supplied
to consumption places such as mining faces, development
headings, and power stations, to the total airflow entering the
mine must not be less than 85%. This means that the air leak-
age rate in the mine must not exceed 15%. In addition, exter-
nal air leakage outside the mine, including leakage through the
main fan station and fan drifts, must not exceed 5% when there
is no transport equipment in the ventilation shaft and must not
exceed 15% when transport equipment is installed in the venti-
lation shaft, as stipulated in Article 158 of the Chinese under-
ground mining safety standard [42].
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2.4.2. Standards at underground coal mines in Quang
Ninh coalfield, Vietnam

In Vietnam, there are currently no national standards or in-
dustry standards specifically regulating air leakage through
ventilation works. Most studies, air leakage calculation proce-
dures, and air leakage prevention practices in Vietnam are
based on inherited research results from other countries, main-
ly Russia and China, or on accumulated practical experience.
In particular, the standards and regulations related to air leak-
age through ventilation works presented in specialized docu-
ments in Vietnam, as well as the standards and norms used in
training materials on mine ventilation and gas management of
Vietnam National Coal-Mineral Industries Holding Corpora-
tion Limited, are based on these sources. According to the
mine ventilation textbook [43], the Handbook on Underground
Mine Ventilation, Tunnels and Fans, and the training materials
on ventilation work of Vietnam National Coal-Mineral Indus-
tries Holding Corporation Limited [44], air leakage through
ventilation works may be summarized as follows.

For retaining walls, the air leakage rate ranges from 0.11
to 0.50 m¥/s. For retaining walls with ventilation doors, the
air leakage rate ranges from 0.67 to 2.60 m®/s. For air bridg-
es, the air leakage rate ranges from 0.58 to 1.25 m®/s. Exter-
nal air leakage in ventilation shafts depends on the degree of
sealing of the transport shaft, whether skips or cages are
used, and the external air leakage coefficient ranges approx-
imately from 10% to 30% of the airflow entering the mine.

3. Results and discussion

3.1. Air leakage through ventilation works in under-
ground mines of the Quang Ninh coalfield

Field surveys, measurements, and data collection on air
leakage through ventilation works were conducted at 10 un-
derground coal mines in the Quang Ninh coalfield, including
Mao Khe, Nam Mau, Uong Bi, Nui Beo, Hon Gai, Quang
Hanh, Duong Huy, Mong Duong, Khe Cham, and Ha Long
coal mines. These are all large-scale mines belonging to Vi-
etnam National Coal-Mineral Industries Holding Corporation
Limited. Survey and measurement data were collected at the
mines for ventilation doors, ventilation gates, retaining walls,
and gates at the fan stations representing external air leakage.

Based on measurements taken at many different loca-
tions, the collected data covered a certain range of values,
from which the corresponding average values were deter-
mined. A summary of the collected data on air leakage
through ventilation works at underground coal mines in the
Quang Ninh, is presented in Table 1 [45, 46]. Based on these
air leakage data, the graph of air leakage through the investi-
gated ventilation works is shown in Figure 2.

Air leakage (m3/s)

o LB N W R U O N

22 192
' ' 0‘4
C 4

ventilation
doors

ventilation
gates at the
fan station

ventilation
gates

retaining walls

Ventilation works

Figure 2. Graph of air leakage through ventilation works in
underground coal mines in the Quang Ninh coalfield
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Figure 2 shows that external air leakage through the main
fan stations is the highest among the investigated ventilation
works in underground coal mines of the Quang Ninh coal-
field, with an average value of 6.62 m¥s. Air leakage
through ventilation doors ranks second, averaging 2.2 m%s,
followed by ventilation gates, with an average value of
1.92 m¥s. The lowest air leakage is observed through retain-
ing walls, with an average value of 0.4 m3s.

Table 1. Summary of air leakage levels through ventilation works
in underground coal mines in the Quang Ninh coalfield, Vietham

Air leakage through ventilation

Coal works, m%s
No. mine Gates at Note
Doors = Gates = Walls fan stations
1 Mao 18-20 1.6-20 0.1-0.2 38142 Range of values
Khe 1.9 1.8 0.15 8.25 Average
9 Nam | 1.8-22 1.6-2.0 0.0-05  4.6-6.5 Range of values
Mau 2.0 1.8 0.25 5.55 Average
3 Uong Bi 1.7-2.7 1 1927 00-05 15-76  Range of values
2.2 23 0.25 33 Average
. 18-23 1.7-25 0.0-0.25 45-139 Range of values
4 Nui Beo
2.05 2.1 0.12 7.7 Average
5 | Hon Gai 1.8-25 17-24 00-05 15-126 @ Range of values
2.15 2.05 0.25 4.7 Average
6 Quanh 1.6-26 1.7-2.6 0.0-0.25 2.8-7.3  Range of values
Hanh 21 215 0.12 36 Average
7 Duong 1.8-28 1.7-2.6 0.25-05 20-155 Range of values
Huy 2.3 2.15 0.37 70 Average
8 Mong  20-24 17-25|00-05 28150 Range of values
Duong 2.2 2.1 0.25 7.7 Average
9 Khe 18-20 1.2-20 0.0-05 35-185 Range of values
Cham 1.9 16 0.25 11.0 Average
10 Ha Long 22-25 16-25 00-08 6.1-88  Range of values
2.35 2.05 0.4 7.45 Average
General 16-28 12-2.7 0.0-08 15185  Range of values
summary 2.2 1.92 0.4 6.62 Average

3.2. Assessment of air leakage through ventilation works

3.2.1. General assessment of air leakage levels through
ventilation doors

According to the data presented in Table 1, the level of
air leakage through ventilation doors at underground coal
mines in the Quang Ninh coalfield depends on the type of
door, whether temporary or permanent, the mode of transport
through the door, whether for personnel only or for vehicles,
the material of the door, the number of door leaves, whether
the door is opened and closed manually or automatically, and
whether the door is guarded.

23 2.35
22 215 2.2
205 21
| i I I | I I I | I

Mao
Khe

2.5

[
- w ~

Air leakage (m?3/s)

=4
w

Nui
Beo

Nam Uong
Mau Bi

Hon Quang Duong Mong Khe Ha
Gai Hanh Huy Duong Cham Long

Names of Coal Mines

Figure 3. Graph of air leakage through ventilation doors at
underground coal mines in the Quang Ninh coalfield
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Thus, the survey data collected from 10 underground coal
mines in the Quang Ninh coalfield, as presented in Table 1,
show that air leakage through ventilation doors ranges from
1.6 to 2.8 m¥/s, with an average value of 2.2 m%/s. The survey
was conducted on doors used for air separation, with brick
walls and iron doors, most of which are manually opened and
closed without guards. Figure 3 shows that Ha Long Coal
Mine has the highest air leakage through ventilation doors,
with an average value of 2.35 m%/s.

Mao Khe and Khe Cham coal mines have the lowest air
leakage through ventilation doors, with an average value of
1.9 m¥/s. Other coal mines, including Nam Mau, Nui Beo,
Hon Gai, Quang Hanh, Uong Bi, and Mong Duong, which
were surveyed and measured in the field, showed similar
values ranging from 2.0 to 2.2 m%/s. Images of some ventila-
tion doors surveyed at underground coal mines in the Quang
Ninh coalfield are shown in Figure 4 [46].

(b)

Figure 4. Images of two typical ventilation doors at two under-
ground coal mines in the Quang Ninh coalfield: (a) — Vang Danh;
(b) — Mong Duong

3.2.2. General assessment of air leakage levels through
ventilation gates

Ventilation gates located in the main transport tunnels,
where the electric train system operates, are usually perma-
nently constructed with two to three gates, most commonly
two, and can be opened and closed either manually or auto-
matically. Field survey results from the mines, as shown in
Table 1 and Figure 2, indicate that air leakage through per-
manent ventilation gates ranges from 1.2 to 2.7 m%s, with an
average value of 1.92 ms. Figure 5 shows that Uong Bi
Coal Mine has the highest air leakage through ventilation
gates, with an average value of 2.3 m%s.
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Figure 5. Graph of air leakage through ventilation gates at
underground coal mines in the Quang Ninh coalfield

Khe Cham Coal Mine has the lowest air leakage through
ventilation gates, with an average value of 1.6 m%s. Mao
Khe and Nam Mau coal mines have an average air leakage of
1.8 m¥/s. Other coal mines, including Hon Gai, Ha Long, Nui
Beo, Mong Duong, Quang Hanh, and Duong Huy, which
were surveyed and measured in the field, showed similar
values ranging from 2.05 to 2.15 m%s. Figure 6 shows a
ventilation gate surveyed at Mong Duong Coal Mine [46].

Figure 6. Image of a manually operated ventilation gate with
a brick wall and iron frame at the +30 tunnel in the Canh Dong
area of Mong Duong Coal Mine

3.2.3. General assessment of air leakage levels through
retaining walls

Retaining walls are usually constructed of brick, with or
without plastering, or of concrete. In some coal mines with
self-igniting properties, permanent walls are also constructed
of fly ash. Temporary retaining walls are often built using
sandbags. According to the survey data from coal mines in

the Quang Ninh coalfield presented in Table 1.
0.4
0.25 0.25 I

0.37
0.25
I [ I I
Ha

Hon Quang Duong Mong Khe
Gai Hanh Huy Duong Cham Long

025 0.25

0.15
| 0.12

Mao Nam Uong Nui
Khe Mau  Bi Beo

Air leakage (m?/s)

Names of Coal Mines

Figure 7. Graph of air leakage through retaining walls at un-
derground coal mines in the Quang Ninh coalfield
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Air leakage through retaining walls is relatively low, and
at many locations no leakage was recorded. At locations
where leakage does occur, it mainly appears along the sides
of the tunnel or through cracks in the wall, ranging from 0.0
to 0.8 m®/s, with an average value of 0.12 m®/s,

Figure 7 shows that Ha Long Coal Mine has the largest
air leakage through the retaining walls, averaging 0.4 m®s,
followed by Duong Huy Coal Mine, averaging 0.37 m%/s.
Nui Beo and Quang Hanh Coal Mines have the smallest air
leakage through the retaining walls, averaging 0.12 m¥/s.
Nam Mau, Uong Bi, Hon Gai, Mong Duong, and Khe Cham
Coal Mines all have similar air leakage, averaging 0.25 m%s.

3.2.4. General assessment of the level of external air leak-
age through main fan stations

In underground coal mines, most main fan stations have
fan drifts connected to ventilation openings, including in-
clined shafts, horizontal roadways, or vertical shafts. At the
entrances to these ventilation openings, air gates are usually
installed. The level of air leakage through these gates de-
pends on the mode of transport passing through them,
whether electric trains, conveyor systems, or only personnel,
as well as on whether the gates are opened and closed manu-
ally or automatically. Air leakage at these locations is usually
quite significant because of the large pressure difference
between the outside atmosphere and the inside of the mine
openings. This is also referred to as air leakage through the
air gates at the main fan stations.

0.4 0.37
=

0.35

0.3

025 025 0.25 0.25 0.25

0.25

0.2 0.15

0.12 0.12

11

Mao Nam Uong Nui
Khe Mau Bi Beo

0.15

Air leakage (m3/s)

0.1
0.05

Hon Quang Duong Mong Khe Ha
Gai Hanh Huy Duong Cham Long

Names of Coal Mines

Figure 8. Graphs of external air leakage through main fan
stations at underground coal mines in the Quang Ninh coalfield

According to the survey data collected at underground
coal mines in the Quang Ninh coalfield, as presented in Ta-
ble 1, the external air leakage at the main fan stations ranges
from 1.5 to 18.5 m%s, with an average value of 6.62 m%s,
corresponding to 1.5 to 22.6% of the main fan airflow, with
an average of 9.16%.

Figure 8 shows that Khe Cham Coal Mine has the highest
external air leakage, with an average value of 11.0 m%/s, fol-
lowed by Mao Khe Coal Mine, with an average value of
8.25 m%s. Uong Bi and Quang Hanh coal mines have the
lowest external air leakage, with average values of 3.3 and
3.6 m¥s, respectively. Duong Huy, Ha Long, Nui Beo, and
Mong Duong coal mines all show comparable external air
leakage values, ranging from 7.0 to 7.7 m%s. These results
indicate that external air leakage at main fan stations is a major
contributor to overall air loss in the ventilation systems of coal
mines in the Quang Ninh coalfield and should therefore be
considered a priority target for control and mitigation.
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3.3. Proposed solutions to reduce air leakage through
ventilation works in underground coal mines in the
Quang Ninh coalfield

3.3.1. Solutions to reduce air leakage through ventilation
doors

Ventilation doors must be constructed in accordance with
the approved design and installed at the locations specified in
the ventilation scheme. A safe clearance around the doors
must be maintained in order to ensure the safe movement of
personnel and transport equipment through the tunnels.

All ventilation doors must provide the highest possible
airtightness of both the door frame and the door leaf. The
joints between the door structure and the roof and sidewalls
of the tunnel must be carefully sealed. At the floor contact,
flexible materials such as rubber gaskets should be used in
order to prevent air leakage. Permanently installed doors in
main tunnels should be equipped with double-sided hinges or
horizontal sliding mechanisms to facilitate airflow reversal
when required.

Ventilation doors installed in main airways and ventila-
tion tunnels must be constructed in a strong and reliable
manner and should include at least two door sets forming an
airlock in order to ensure continuous closure during opera-
tion. The installation of ventilation doors in inclined tunnels
used for hoisting transport should be prohibited. In excep-
tional cases, such installation may only be allowed on the
basis of a special design and an authorized hoisting schedule
approved by the Director.

Before construction, the support system should be care-
fully inspected, and the condition of the rock mass in the
roof, sidewalls, and floor of the tunnel should be checked.
Coal and rock debris must be removed from the site in order
to provide sufficient working space and avoid obstructing the
movement of personnel and vehicles. The concentrations of
CHa4, CO», and CO, as well as the temperature at the planned
construction site, must also be checked before work begins.

For permanent doors intended for long-term service, the
construction site should be selected in areas where the roof,
floor, and sidewalls are geologically stable. If construction in
unstable ground conditions cannot be avoided, additional
reinforcement measures must be implemented to ensure
sufficient compaction of the surrounding rock mass at the
door site and to prevent air leakage through cracks.

Construction methods must be selected carefully, and the
approved design must be strictly followed during construc-
tion. If any changes to the construction plan are required,
they must be reported to the ventilation manager for review
and approval.

The construction of permanent ventilation doors general-
ly includes inspection of the selected location, construction
of the wall and assembly of the door frame, and completion
of the frame followed by installation of the ventilation door.

The construction of ventilation doors must be directly su-
pervised by a responsible person who gives instructions and
continuously monitors the condition of the tunnel and sur-
rounding walls in order to respond promptly to any unsafe
situations. During construction, any person passing through
the work area must obtain permission from the supervisor.
Before passage is allowed, the ventilation door structure
must be checked to ensure safe conditions. Passage through
the construction zone should be carried out carefully and
without delay.
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During construction, all works must comply with the ap-
proved technical measures, the national technical regulations
and safety standards for underground coal mining under
QCVN 01:2011/BCT issued by the Ministry of Industry and
Trade on February 15, 2011, and other related procedures
and regulations [47].

From the technical point of view, the ventilation door
must open and close smoothly. It may be operated manually,
but it should also be capable of closing automatically under
its own weight due to the pressure difference. A gasket, pref-
erably made of rubber, should be installed between the frame
and the door leaf in order to reduce air leakage. The door leaf
should be smooth and flat, while the door wall should be
constructed of fire-resistant material and built in competent
rock without cracks.

During operation, ventilation doors without a designated
operator should be used only after the surrounding area has
been checked for obstacles or equipment preparing to pass
through. If transport equipment is approaching, priority
should be given accordingly. If the passage is clear, the door
may be opened for movement through the opening. For venti-
lation doors with a designated operator, all personnel and
vehicles must obtain permission and follow the instructions of
the operator before passing. If a train requests passage and an
inspection shows that the route ahead is obstructed by equip-
ment or another train, the train must be instructed to stop and
wait until the route is clear before the door is opened.

The fabrication and construction of ventilation doors are
usually carried out by the ventilation workshop. After instal-
lation is completed, responsibility for management and
maintenance must be formally handed over to the relevant
production unit or workshop within the mine management
area, and this handover must be documented. If any ventila-
tion door is damaged or if air leakage exceeds the permissi-
ble level, the ventilation workshop must be informed imme-
diately so that repair can be carried out. During repair or
replacement, temporary barriers or partitions should be in-
stalled in order to minimize air leakage and maintain produc-
tion conditions. During production shifts, the ventilation
section should carry out regular inspections of ventilation
doors to assess their operating condition and physical state at
each location. If any door is found to be damaged, deformed,
or non-compliant with technical requirements, a report must
be issued to the responsible unit, clearly stating the cause of
the violation, identifying responsibility, and requiring imme-
diate corrective action.

On a weekly basis, the ventilation section should compile
reports on all detected violations and submit them to the Mine
Ventilation and Drainage Department. These reports are then
forwarded to the Director, who determines the corresponding
disciplinary measures. The final penalties may be considered
during monthly performance evaluations and product ac-
ceptance inspections, depending on the seriousness of each case.

3.3.2. Solutions to reduce air leakage through ventilation
gates

The construction and installation of ventilation gates are
generally based on the same principles as those applied to
ventilation doors. However, some additional requirements
should be considered during the management, construction,
and operation of ventilation gates. In cases where the tunnel
is used only for personnel passage, the distance between the
two gates should be at least 5 m, and such gates are usually
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manually operated. When trains pass through the tunnel, the
distance between the two gates must be greater than the max-
imum train length, and automatic gates should be installed.

The operating principles for ventilation gates are similar
to those applied to permanent ventilation doors. However,
during passage through a ventilation gate, each gate must be
opened separately. After passing through the first gate, it
must be closed securely before the second gate is opened.
Opening both gates at the same time is prohibited because it
causes air leakage. If the ventilation gate includes a side door
for personnel passage, only this side door should be used,
except in cases where bulky materials or equipment are being
carried or transported.

Ventilation gates installed in mine roadways used for
electric train transport are usually managed, maintained, and
operated by the mine transport sections. Ventilation gates
located in tunnels used only for personnel passage are gener-
ally managed, maintained, and operated by the ventilation
sections.

3.3.3. Solutions to reduce air leakage through ventilation
shafts

At main fan stations where the fan drift is connected to
tunnels or ventilation shafts, ventilation gates are installed at
the top of the tunnels or at the top of the ventilation shafts.
To reduce air leakage through ventilation shafts, several
basic solutions should be implemented.

Additional ventilation gates may be installed in the ven-
tilation shafts, with at least two gates provided where pos-
sible. At the same time, the construction quality, installa-
tion technique, and sealing performance of these ventilation
gates, as well as the sealing of covers in vertical shafts,
should be improved.

Regular inspection and timely repair of any defects are
also necessary, since the pressure difference on the two sides
of the ventilation gates is usually very large.

The ventilation gates at the top of ventilation shafts
should be designed with auxiliary doors for personnel ac-
cess, and automatic opening and closing gates should be
prioritized. In addition, in order to reduce air leakage
through cracks in the surrounding rock into the ventilation
shafts, the upper section of the shaft or connecting opening
should be concreted.

Ventilation shaft entrances must be strictly controlled,
and personnel and vehicles should be allowed to pass only
with authorization from the responsible guard. Air leakage
through ventilation shafts usually accounts for the major part
of the external air leakage of a mine. In addition, significant
leakage may also occur through fan station buildings, inspec-
tion doors of fan shafts, and fan blades. In shallow mines,
further external leakage may occur through surface fissures
or cracks extending into the mine workings.

3.3.4. Solutions to reduce air leakage through retaining
walls (stoppings)

Retaining walls, or ventilation stoppings, are constructed
to isolate tunnels after fire incidents or to seal off temporarily
suspended roadways. The construction and opening of these
isolation structures must strictly follow the approved plans
and ensure compliance with safety regulations, technical
standards, and operating procedures. To reduce air leakage
through these structures, several fundamental measures
should be implemented.
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During construction, the responsible section must strictly
comply with the approved technical measures, the national
technical regulations and standards on safety in underground
coal mining under QCVN 01:2011/BCT issued by the Minis-
try of Industry and Trade on February 15, 2011, and other
related procedures and regulations [47].

The construction of the retaining wall, from the founda-
tion to the full perimeter, must follow closely the sides and
roof of the tunnel. The wall must be straight, flat, and air-
tight. It should also be equipped with pipes for monitoring or
controlling the gases inside the sealed area. The construction
of retaining walls must be supervised, and the condition of
the tunnel and the wall must be continuously monitored in
order to address any situations that may arise. Each retaining
wall should also be numbered sequentially.

Fire-resistant materials that satisfy the required technical
standards should be used for the construction of retaining
walls, and the wall thickness should not be less than 500 mm.

The wall surface must be free of cracks, and any gaps be-
tween the wall and the sides or roof of the tunnel must be
carefully sealed. If necessary, one or more layers of coating
may be applied to the wall surface in order to improve its
airtightness and smoothness and thereby reduce air leakage.

3.3.5. General solutions related to organization and man-
agement

Air leakage in underground mines results from a variety
of factors, primarily pressure differences along leakage
paths, improper construction or operation of ventilation
structures, and inadequate methods of mine pressure control.
Other important causes include insufficient coal pillar width
between parallel roadways and surface subsidence or fractur-
ing caused by mining activities.

Such leakage significantly reduces the supply of fresh air
to working faces, leading to the accumulation of hazardous
gases and coal dust, elevated temperatures, and reduced
labour productivity, all of which adversely affect workers’
health. In addition, air leakage forces ventilation fans to
operate at higher capacities, resulting in considerable energy
losses. Therefore, in addition to specific technical measures
for each ventilation structure, several general organizational
and management solutions should be applied.

A rational ventilation scheme and ventilation method
should be selected, since air leakage in the mine is generally
lower with a side ventilation scheme and higher with a central
ventilation scheme. Proper planning of mining operations and
the selection of appropriate technical solutions for the mine
are also important, because the mining sequence and mining
method have a strong influence on the level of air leakage.

Main roadways, which are intended for long-term use,
should be excavated in rock whenever possible. Old and
unused workings should either be demolished or isolated by
retaining walls. Appropriate mine pressure control methods
should also be applied in order to reduce air leakage into
mined-out areas. To reduce air leakage in ventilation shafts,
the number and quality of ventilation doors in inclined shafts
should be increased where necessary, and the sealing quality
of vertical shafts should be improved.

An important management requirement is the compre-
hensive improvement of the quality of mine ventilation safe-
ty personnel. Human resources are a key factor in mine ven-
tilation safety management, and the effectiveness of ventila-
tion safety largely depends on the competence of the respon-
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sible staff. A mine ventilation manager should have a thor-
ough understanding of ventilation safety and of the risks
associated with ventilation management. Improving the qual-
ity of mine ventilation managers requires better professional
education and training in management, as well as a stronger
sense of responsibility and professional ethics, with safety
regarded as a primary obligation.

Mine ventilation safety measures should also be inspected
and evaluated regularly. The different types of work related to
mine ventilation management should be classified scientifi-
cally, with clear and logical functions, and the allocation of
authority, responsibility, and benefits should be optimized
according to these functions. Ineffective or inappropriate
management measures should be identified and eliminated.

It is also necessary to develop and improve the relevant
system of standards and to implement mine ventilation safety
management in accordance with established standards. Effec-
tive ventilation management requires standardized proce-
dures at different stages, including the installation and opera-
tion of main fan stations, local fans, and retaining walls.
Standardization of work content and its implementation can
improve the quality of ventilation management and ensure
more accurate assessment of work quality.

Strict inspection and evaluation must also be ensured at
the design stage. In order to improve the quality of the work-
ing environment and continuously comply with mine safety
requirements, the design of mine ventilation facilities must
strictly follow the relevant safety and design regulations.

Daily ventilation safety management is equally im-
portant. Mine ventilation equipment should be maintained
regularly, and dust, dirt, and other deposits on ventilation
equipment should be cleaned in a timely manner. Damaged
ventilation equipment must be repaired or replaced promptly.
Ventilation works such as doors, gates, and retaining walls
should also be inspected regularly so that any defects or
malfunctions can be detected and corrected in time.

Finally, a rational mining plan should be developed in or-
der to ensure the stability of the mine ventilation network.

3.4. Proposed designs for ventilation works to mitigate air
leakage applicable to some underground mines in the
Quang Ninh coalfield

3.4.1. Ventilation gates

Ventilation gates are ventilation structures constructed to
separate fresh air from return air, especially in tunnels where
people and vehicles frequently pass through. To effectively
isolate airflows and reduce air leakage, at least two ventila-
tion gates should be installed together in order to create an
air chamber.

Ventilation gates can be divided into two main types,
namely in-mine ventilation gates and ventilation gates in-
stalled at the mine entrance in connection with fan drifts. In-
mine ventilation gates are usually constructed at the main
transport tunnels of the mine, where transport density is high
or where human traffic is frequent. Based on the survey re-
sults and the assessment of air leakage in underground mines
of the Quang Ninh coalfield, air leakage through ventilation
gates mainly occurs in tunnels with a high level of electric
train traffic and usually accounts for 15-20% of the airflow to
the fan. Therefore, the authors propose a design of an in-
mine ventilation gate system for electric train transport tun-
nels in order to reduce air leakage, as shown in Figure 9.
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Figure 9. Schematic design of steel ventilation gates installed
in a train transport ventilation shaft: 1 — steel beam U160x68x%5,
length 2.6 m; 2 —steel beam U160x68x5, length 1.1 m; 3 —brick
wall; 4 — ventilation gate; 5 — secondary door for personnel access

3.4.2. Ventilation doors

Ventilation doors are installed in tunnels to prevent or
regulate airflow while still allowing passage for people and
vehicles through opening and closing.

Based on surveys and assessments of the current state of
air leakage in underground mines of the Quang Ninh coal-
field, air leakage is often high when ventilation doors are
installed in tunnels where electric trains, conveyor belts, or
scraper conveyors are in operation. Therefore, the authors
propose a model design of ventilation doors for tunnels
equipped with electric trains, conveyor belts, and scraper
conveyors in order to reduce air leakage. This ventilation
door design is shown in Figure 10.
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Figure 10. Schematic design of a steel ventilation door in-
stalled in a conveyor belt transport tunnel: 1 — sheet metal with a
thickness of 0.5 mm; 2 — conveyor belt cover, usually made from
old conveyor belts

3.4.3. Retaining walls

Retaining walls are used to isolate areas where mining
has been completed, as well as tunnels that are no longer in
use or are temporarily out of service (Figure 11).
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Figure 11. Schematic design of a permanent brick retaining
wall: 1 — PVC pipe with a diameter of 21 mm and a shut-off valve,
used for gas measurement; 2—-PVC pipe with a diameter of
100 mm, used for drainage

The authors propose a typical design of a permanent
brick retaining wall to reduce air leakage, as shown in Fig-
ure 11. Permanent retaining walls are usually constructed of
brick or concrete, whereas temporary retaining walls are
often made of sandbags.

4. Conclusions

Ventilation networks in underground coal mines of the
Quang Ninh coalfield, operated by Vietham National Coal-
Mineral Industries Holding Corporation Limited, are character-
ized by a high level of complexity, ranging from moderate to
very complex, regardless of the production scale of the mine.

The main ventilation works used in these mines include
ventilation doors, ventilation gates, and retaining walls,
whereas air bridges are practically absent in this coalfield.
Field surveys and measurement data indicate that air leakage
occurs in most of these structures, with the highest values
recorded for ventilation doors, averaging 2.15 m®/s, and
ventilation gates, averaging 1.92 m?s. In contrast, retaining
walls are generally well constructed and properly maintained,
resulting in relatively low air leakage, with an average value
of only 0.12 m¥s.

Surface air leakage occurs mainly through the ventilation
gates located at shaft entrances connected to the main fan
stations. The average external air leakage was measured at
6.62 m®/s, which corresponds to approximately 9.16% of the
total fan airflow.

Although the air leakage rates recorded in the Quang
Ninh coalfield are slightly higher than those specified in
some international standards and guidelines, the difference is
not considerable. In particular, the performance of retaining
walls is close to international good practice due to their ade-
quate construction quality and effective management.

Ventilation works play an important role in maintaining
mine air quality and operational efficiency. To reduce air
leakage, a comprehensive technical approach is required,
covering all stages from design and construction to inspec-
tion, maintenance, and operation, with due consideration of
the specific characteristics of each type of ventilation work.
Such measures are essential for improving airflow distribu-
tion and enhancing the overall safety of underground coal
mining operations.
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AnpaTna. XepacTsl KeMip MIaxTaJapbIHAAFB! JKEIIETY JKyHenepiHiH TYpaKTBUIBIFEI MEH THIMAUIIT OHIpic Kayinci3airia
KaMTaMachl3 €Ty KOHE KYMBICIIBUIAPIBIH JCHCAYIBIFBIH KOPFay YIIIH ISyl MaHbI3Fa He. Aya aFysl Ta3apTy KeHKapiapel,
TYHBIK Kaz0amap *oHe ipi jkepacThl KaMepaapbl CUAKTHI KYMBIC aliMaKTapblHa Ta3a ayaHbIH KETKi3UTy THIMIIJIITIH TOMEH-
JIETIn KaHa KoiMai, KeMip/iH e3iriHeH )aHybl )KOHE METAaHHBIH KUHATYBI CHAKTHI KapbUIBICKA OKeIyl MYMKIH KayinTi KYObI-
JBICTAPABIH TYBIHAAYbIHA Aa bIKIan ereai. COHbIMEH KaTap, aya arybl 0ac JKEJICTKII KOHIBIPFBLIAPABIH JKYMBICH KE31HJIE
SHEPrHs TYTBIHYIBI aUTapIBIKTal apTThIpaabl. OChIFaH OalIaHBICTHI )KEPACTHI KOMIp IIaXTaJapbIHAAFbl aya aryblH a3aiTyra
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OaFpITTalFaH MIENIIMACPAl 3epTTEy JKOHE d3ipiey KaKeTTiNiri TyslHAaiabl. Tay-KeH >KYMBICTAPBIHBIH ChI30AachIH, KEIICTY
ChI30aChIH JKOHE KOJIIAHBICTAFBI JKEIACTY KYpPBUIBICTApBIH TAJlIAy HETi3iHIe aBTopliiap HATYPIBIK 3epTTeyiep, oJmeyep, Tal-
Jay koHe Oaranay >KyMbICTapblH JKYPrizai. by maxranxapisiH sKkenaeTy KYpbUIBICTaphl apKbUIbl OOJIATHIH aya aFyblH a3auTy
JKOHIHJET] [Iapajap/bl YChIHyFa MYMKiHIiK O0epai. ConbiMeH Katap, BrerHamparbl KyaHrHuHbp kemip OacceifHiHIH kKepacThl
KOMIp IIaxTaJapblHJa KOJIaHyFa OOJNaThIH JKeNAETY IITI03/epi, )KEIAETY eCIKTEpl JKoHe OKIIayJarblll Oererrep YIUiH KOH-
CTPYKTHBTIK LIENTIMIEP YCHIHBULABI. 3epTTeyle AePEKTepAl )KUHAY, HATYPJIbIK 3epTTEy, aCHaITHIK OJIIeY, MIaXTalbIK Taujay,
COH/Iaii-aK aJbIHFaH HOTWOXKENEpl Tajjay KoHe Oarajiay oJicTepi KONJaHbUIIbL. ¥ CHIHBUIFAH IISIIiMAEp MaxTalblK OHAipicTe
SHTI31IIN, OH HOTIDKENep KOpPCEeTTi, OHBIH INIHJE aya aryblH a3aiiTy, jKeJAeTy THIMAUIIIH apTThIpy, 0ac >KeJAETKII KOH-
JBIPFBUTAPABIH KYMBIC PEXXKUMIICPIH JKaKcapTy KOHE JKaJIIbl MIaxTa OOWBIHIIA JKEJIEeTy IIBIFBIHIAPBIH KBICKAPTy HOTHIKENIepi
Oatikanmbel. OChl 3epTTEYIiH HOTHKEIepi KepacThl KoMip IIaXTalapblHAa JKENIEeTy KOCHapiIapblH d3ipiieyre, COHmai-aK OyKiT
[IaxTa KeJEeMiH/e aya aFyblH a3aiiTyra OarbITTalFaH THICTI JKENIETy KYpBUIBICTAPBIH TaHIAY JKOHE OpHATY YIIiH Heri3 0ona
anajpl.

Hezizzi co30ep: aya azgyvl, aya azyblH memeHOemy, dHceideny KYpoliblCIapel, He2isel sHceni0emKiul KOHObIPEbIIap, KOMIp
waxmanapwl, Kyaunenuns xemip baccetini.

CHuUKeHHe yTeYeK BO3AyXa B YIOJbHBIX IAXTAX: HA IPpUMepe
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AnHotanus. CtabminbHOCTS U 3P ()EeKTHBHOCTh BEHTHISIIMOHHBIX CHCTEM ITO3EMHBIX YrOJBHBIX IIAXT UMEIOT PEHIaoIiee
3Ha4eHHe Ui oOecreueHns: OE30MacHOCTH MPOM3BOACTBA M 3AIUTHI 310POBbsl PAOOTHUKOB. Y TEUKH BO3yXa HE TOJIBKO CHH-
XKatoT 3(QGEKTHBHOCTD MOAA4YM CBEXEro BO3AyXa K padO4YMM 30HaM, BKIIOYAs OYMCTHBIC 3a00M, TYIHKOBBIE BBIPAOOTKH M
KpYIHBIE TIO3MHBIE KaMephl, HO U CIIOCOOCTBYIOT BO3HHKHOBEHHIO TaKMX OIACHBIX SBJICHHH, KaK CAaMOBO3TOpaHHE YIS U
HaKOIJIEHHE METaHa, KOTOpPbIE MOTYT IIPUBECTHU K B3pbIBaM. KpoMe Toro, yreukn Bo3ayXa 3HaUUTENIBHO YBEIHMYUBAIOT HEPrO-
noTtpediIeHne Mpu padboTe IIIaBHBIX BEHTHIISITOPOB. B CBS3M ¢ 3THM BO3HHKAaeT HEOOXOAMMOCTh MCCIEIOBAHMS U pa3pabOTKH
pELICHUH, HAIIPABJIEHHBIX HA CHI)KEHUE yTEUEK BO3/lyXa B MOA3EMHBIX YroJIbHBIX IIaxTax. Ha ocHOBe aHanu3a cXeMbI TOPHBIX
paboT, cXeMbl BEHTIISALUHN U CYIIECTBYIOUINX BEHTHJIALMOHHBIX COOPY)KEHHH aBTOpaMH ObUTH IPOBEAEHBI HATYpHBIE 00CIe-
JIOBaHMsI, U3MEPEHHUS, aHAJIU3 U OLEHKA, YTO ITO3BOJIMIIO IIPEJUIOKUTh MEPBI 110 CHUKEHUIO YTEUEK BO3/yXa 4epe3 BEHTHIIALU-
OHHBIE COOpYXeHHs maxT. Kpome Toro, mpemiokeHsl KOHCTPYKTHBHBIE PELICHUS A BEHTWISIMOHHBIX IIJIF030B, BEHTHIISA-
IIUOHHBIX ABEPEH M M30JIALUOHHBIX MEPEMBIYEK, KOTOPhIE MOTYT OBITh MPUMEHEHBI Ha MOJ3EMHBIX YTOJIBHBIX IIAaXTaX YIrojb-
Horo OacceiiHa Kyanrauus, BreTHaM. B mccnenoBaHuy MCHONBb30BaHBI METOMBI cOOpa JaHHBIX, HATYPHBIX OOCIIEIOBAaHHM,
MHCTPYMEHTAJbHBIX U3MEPEHHH, MAXTHOIO aHAJIN3a, a TAK)KE aHAIM3a U OLICHKH MOIYyYEHHBIX pe3ynsTaToB. [IpennoxkeHHbIe
penieHust ObUIM BHEIPEHBI B MIAXTHOE NMPOM3BOJICTBO M IOKA3allH IMOJI0XKUTEIbHbBIE PE3yIbTaThl, BKIFOUasl CHIDKCHHE YTedeK
BO3/lyXa, MOBbIMEHNE YPPEKTUBHOCTH BEHTWISALMH, YJIyUIICHHE PEXMMOB paOOThHI TJIaBHBIX BEHTHIJIITOPOB M COKpalleHHUE
BEHTHJISILIMOHHBIX 3aTPaT MO IIAXTEe B LEJNOM. Pe3ynbTaTsl JAHHOTO MCCIIEA0BAHUS TaKKe MOTYT CIIy’KUTh OCHOBOM 171 paspa-
0OTKM BEHTHJISIIMOHHBIX IUIAHOB Ha MOA3EMHBIX YTOJBHBIX IIAXTax, a TaKXKe JUIl BHIOOpa M YCTAaHOBKH COOTBETCTBYIOLIMX
BEHTWJISILIHIOHHBIX COOPYXEHUH, HATIPaBJICHHBIX Ha CHIDKEHUE YTEUEK BO3/yXa B MacIITa0e BCEH IIaxThI.

Kniouegvie cnoga: ymeuxu 6030yxa, CHudiceHue ymeuex 030yXa, GEHMUNAYUOHHbIE COOPYIUCEHUS, 2NAGHbIE BEHMUNAMOP-
Hble YCIMAHO0BKU, Y201bHble WaxXmbl, y2oabhbill bacceln Kyanenuns.
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