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Abstract
Underground coal mining is currently facing major challenges; however, demand for coal as an energy source 
and chemical feedstock is expected to increase in the near future. Accidents remain frequent in coal mining, 
with approximately 40–50 incidents reported each year. Among the most hazardous accidents are fires caused 
by spontaneous coal combustion, which can result in fatalities among mine workers, damage to mining equip-
ment, and the loss of mine sections or reserves. Early detection and localization of spontaneous-combustion 
fires enable fire sources to be identified at an early stage, thereby improving the effectiveness of fire-control 
and mitigation measures. This analytical review proposes a classification of acoustic methods for detecting 
and locating fire sources in coal seams, with the origin of the recorded acoustic signal used as the classification 
criterion. For each method, applicability limits were defined, and its strengths and weaknesses were identified. 
The results may be used to select the most suitable diagnostic approach for spontaneous-combustion fires 
under specific operating conditions. Acoustic diagnostics of fire sources in coal seams can detect combustion, 
determine the coordinates of fire sources, track the spatial extent and temporal evolution of fire bounda-
ries, and identify the fire stage. Based on Professor N. F. Kusov’s hypothesis, an instrument was developed 
to support acoustic monitoring and single-station acoustic direction finding of fire sources in a coal-bearing 
rock mass. Spontaneous coal fires may also contribute to the formation of zones with elevated radionuclide 
concentrations. In such cases, acoustic diagnostics may be used to determine the coordinates of these zones.
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Аннотация
Добыча угля подземным способом в настоящее время переживает кризис, однако в ближайшей пер-
спективе ситуация изменится, так как спрос на энергетические ресурсы и химическое сырье будет 
только расти. В процессе добычи угля регулярно происходят аварии. Примерно 40–50 случаев в год. 
Наиболее опасный вид аварии – эндогенный пожар, может привести не только к гибели горнорабочих 
и уничтожению горного оборудования, но и к потере целого месторождения. Диагностика эндогенных 
пожаров позволяет на ранней стадии обнаружить очаг, что существенно повышает эффективность ме-
роприятий по локализации и ликвидации аварии. Проведённый аналитический обзор акустических 
способов диагностики очагов пожаров в угольных пластах позволил разработать классификацию. В ней 
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классификационным признаком является причина появления регистрируемого акустического излу-
чения. У каждого способа определены границы возможного применения, а также выделены сильные 
и слабые стороны. Результаты исследований позволят выбрать оптимальный вариант диагностики эн-
догенного пожара под свои условия. Акустическая диагностика очагов пожаров в угольных пластах по-
зволяет установить факт горения, определить координаты очагов и пространственно-временное поло-
жение их границ, а также стадию пожара. На основе гипотезы профессора Н. Ф. Кусова для реализации 
акустического мониторинга был изобретен прибор, который позволяет пеленговать из одной точки 
очаги пожара в угольном массиве. В перспективе эндогенные угольные пожары могут быть источником 
радионуклидов. Акустическая диагностика в данном случае может быть использована для определения 
координат зон с самоповышающейся концентрацией радионуклидов.
Ключевые слова
акустическая диагностика, очаги пожара, угольные пласты, оптимальный, концепция неразнесённого 
слежения, пеленгация с одной точки, естественное обогащение
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Introduction
Mine fires are among the most hazardous acci-

dents in underground mining. Large amounts of com-
bustible material, including coal and timber supports, 
together with high-velocity ventilation airflow in 
mine workings, create conditions for rapid fire deve- 
lopment. Toxic and asphyxiant gases can then spread 
quickly through the mine workings [1].

For any scientific or technological development, 
defining its scope of application is as important as 
developing the method itself. This study does not 
consider methods based on physical principles other 
than acoustics for detecting fire sources in coal seams. 
Instead, it focuses on acoustic diagnostics, which 
cannot fully replace the methods currently used but 
can provide an important complementary tool. In-
terest in acoustic methods for detecting and loca- 
ting fire sources in coal seams has increased in recent 
years both in Russia [2] and internationally  [3–5],  
including studies involving artificial intelligence [6]. 
Despite this growing interest, these methods have 
not yet been systematically described, and no clas-
sification has been proposed. As a result, it remains 
unclear which methods are most appropriate under 
specific operating conditions. Detecting and loca- 
ting fires in coal seams is important not only for mine 
safety but also for related applications, including the 
identification of zones with elevated radionuclide 
concentrations.

This study aimed to systematize acoustic meth-
ods for detecting and locating fire sources in coal 
seams and to define the conditions under which they 
can be applied.

The objectives of the study were as follows:
1. To classify acoustic methods for detecting and 

locating fire sources in coal seams.
2. To identify criteria evaluating these methods 

under specific operating conditions.

3. To compare the identified categories of methods 
according to these criteria.

4. To consider single-station acoustic source lo-
calization, including single-station direction finding, 
as a promising direction in acoustic diagnostics.

5. To examine the identification of zones with 
elevated radionuclide concentrations in coal as a po-
tential application of acoustic diagnostics of fire 
sources in coal seams.

Methods
This study reviews existing acoustic methods for 

detecting and locating fire sources in coal seams, pro-
poses their classification, and provides a comparative 
analysis. The study combined literature analysis with 
a synthesis of results from laboratory and field studies, 
including mine-based tests, conducted by the authors 
and by other researchers. Acoustic monitoring devices 
were developed and patented for the authors’ experi-
ments. Particular attention is given to single-station 
acoustic source localization, an approach that has so 
far received insufficient attention in the literature but 
offers new prospects for acoustic diagnostics.

Results
Acoustic methods for detecting and locating fire 

sources in coal seams can be divided into three cate-
gories according to the origin of the recorded acoustic 
signal: passive, active, and combined methods. Passive 
methods involve recording acoustic emission gene- 
rated directly in the rock mass by physical processes 
accompanying combustion, including vibrations of 
condensed-medium surfaces. Active methods involve 
recording incident, reflected, and refracted acoustic 
waves that propagate through the rock mass in re-
sponse to an external probing pulse, such as an impact 
or explosion. Combined methods involve recording 
acoustic emission generated when combustion ther-
mally activates an acoustic emitter, or indicator.
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Passive methods
This category includes methods that record acous-

tic emission generated by processes accompanying 
combustion, including rock failure, such as fracturing 
and roof collapse [7], whistling associated by gas re-
lease, boiling of water, and similar phenomena.

Acoustic emission during coal combustion under 
laboratory conditions has been studied by Russian [8] 
and international researchers [9] over the past two 
decades. Research output on acoustic emission in 
mining has grown by more than two orders of mag-
nitude since 2010, with the vast majority of studies 
conducted by Chinese researchers [10]. More recent-
ly, research has begun to focus on infrasonic pulses 
generated during coal self-heating, that is, at the 
stage preceding flaming combustion [11–13].

Stationary methods
Acoustic emission accompanying coal combus-

tion is recorded by sensors installed at known lo-
cations. The fire source is located using acoustic 
source-localization techniques based on differences 
in the arrival times of characteristic pulses.

This approach is justified for powerful low-fre-
quency pulses, for example, during roof collapse above 
a burned-out area, when waves with frequencies of 
2.0–4.5 Hz are generated [14]. For this approach to 
be effective in detecting fires at early stages, sen-
sors must be installed throughout the mine workings  
during mine development.

Mobile methods
This approach uses portable equipment. A sin-

gle kit carried by one person can be used to perform 
several dozen measurements at different points 
within several hours, that is, during one work shift. 
This method, developed by one of the authors of the 
present study, was successfully tested in an operating 
mine at an active fire site [15].

Active methods
Transmission-based acoustic testing

Fire sources are assumed to lie between the 
acoustic source and the acoustic receivers. This con-
figuration corresponds to acoustic logging.

Study [16] demonstrated the feasibility of mo- 
nitoring the combustion front using surface-based 
acoustic localization. However, acoustic localization 
requires special high-power sources of pulsed elas-
tic vibrations with a resonant frequency of approxi-
mately 1 kHz. In addition, surface-based localization 
is possible only in the absence of strong acoustic-im-
pedance contrasts above the coal seam under inves-
tigation.

During mining operations at the Moszczenica coal 
mine in Poland, patchy burned-out zones were identi-

fied in Carboniferous strata. In these zones, the phy- 
sical properties of the rocks had been altered. These 
changes allow seismic methods to be used in coalfield 
studies to monitor zones where coal has disappeared 
from the seam [17].

Based on theoretical modeling of the wavefield, 
criteria were developed for identifying coal-free zones. 
In the model of an undisturbed seam, the wavefield is 
characterized by intense single and multiple reflec-
tions. Removal of coal-seam fragments leads to at-
tenuation of the recorded signal because of multiple 
wave reflections.

Mine-based experimental studies confirmed the 
validity of the proposed criteria for identifying coal-
free zones detected in deep geological boreholes.

Reflection-based acoustic testing
The acoustic source and receivers are located on 

the same side of the target objects, that is, the fire 
sources.

Study [18] used a pointed sledgehammer. Good 
results were obtained in a number of mine workings 
in the Donetsk and Ural basins. However, the method 
failed when extraneous voids, such as the goaf, were 
present along the acoustic path between the target 
cavities in the rock mass and the sensor installa-
tion points. In such cases, acoustic waves followed 
indirect propagation paths through the host rocks, 
which sharply reduced the diagnostic value of the 
signals. Acoustic-wave propagation in loose coal was 
examined in [19], which is relevant because loose 
coal, together with fragments of the host rocks, may 
be present in the goaf.

Combined methods
The position of the combustion front can be 

determined by direction finding of seismoacoustic 
pulses generated in the seam roof above the com-
bustion front, using a system of spatially distributed 
geophones and arrival-time differences [7].

According to the patent1, to broaden the appli-
cability of this approach, boreholes are drilled and 
temperature indicators are placed in them at points 
with specified coordinates. When the specified rock 
temperature is exceeded in the monitored area, this 
event is recorded and a signal is transmitted to the 
ground surface. The position of the combustion front 
is then determined from the signal of the triggered 
indicator and its coordinates.

1  Rzhevsky V. V., Yamshchikov V. S., Shkuratnik V. L., Po-
tapov S. L. Method for monitoring the position of the combus-
tion front during underground coal gasification. USSR Patent 
No.  1173751. Appl. No. 3706101/03, 29 February 1984. Publ. 
27 November 1995. (In Russ.)
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In addition, to improve the accuracy and reliabili-
ty of combustion-front monitoring, explosive charges 
with a specified ignition temperature are used as tem-
perature indicators. They are combined into groups 
by means of pyrotechnic delay elements; the groups 
differ in the number of charges, their yield, and the 
delay interval. The resulting acoustic signals serve as 
indication signals; their amplitudes and the time in-
tervals between them are measured.

The design of the indicators and the installation 
procedure were subsequently improved2.

Among the methods considered, combined 
methods provide the most reliable, accurate, and 
unambiguous identification of combustion at speci-
fied coordinates. However, the accuracy of fire-source 
delineation directly depends on the number of in-
dicators used: the greater their number, the higher 
the cost. Therefore, this approach is justified for 
monitoring the spatial position and temporal evo-
lution of the combustion front during underground 
coal gasification, whereas its use for determining 
the coordinates of fire sources should be decided on 
a case-by-case basis. In any event, this approach can 
be combined with other methods, which, depending 
on the specific conditions, can improve overall diag-
nostic performance.

Discussion
This section consists of two parts: a comparison 

of different approaches to acoustic diagnostics of fire 
This section compares the main categories of acous-
tic methods for detecting and locating fire sources in 
coal seams and discusses prospects for their further 
development.

The comparison is limited to acoustic methods. 
The study does not introduce a single integral mea- 
sure of method performance because such a measure 
would require direct comparison of parameters that 
differ in nature. Cost, implementation time, accura-
cy, and detection range can be expressed quantita-
tively. By contrast, applicability, environmental im-
pact, and the ability to determine the fire stage can 
only be assessed qualitatively. In addition, method 
performance depends strongly on specific operating 
conditions. It is therefore more appropriate to com-
pare the relative advantages and limitations of each  
 

2  Gladun Yu. V. Development of seismoacoustic methods 
for monitoring the boundaries of the goaf during underground 
coal combustion. [Diss. abstract ... Cand. Sci. (Eng.)]. Moscow: 
Moscow Mining Institute; 1990. 19 p. (In Russ.)

Potapov S. L. Monitoring the movement of the combustion 
front and the condition of the roof during underground coal 
combustion using explosive indicators. [Diss. ... Cand. Sci. (Eng.)]. 
Moscow: Moscow Mining Institute; 1990. 164 p. (In Russ.)

method according to a set of predefined criteria. In 
this study, the performance of acoustic methods for 
detecting and locating fire sources in coal seams was 
assessed by determining how well each method met 
the proposed criteria under different operating con-
ditions.

The simplest assessment scheme uses three cate-
gories: high, medium, and low. In a specific situation, 
these categories may be compared with traffic-light 
colors: good (green), moderate (yellow), and poor 
(red). According to Professor L. I. Baron [20], values 
in mining are generally considered accurate when 
their coefficient of variation does not exceed 20%. It 
is therefore sufficient to distinguish five assessment 
categories: high, above medium, medium, below me-
dium, and low.

To provide a quantitative basis for comparing 
acoustic methods for detecting and locating fire 
sources in coal seams, numerical scores were intro-
duced (Table 1).

As shown in Table 1, two scoring scales are used: 
0–4 and 1–5. The 0–4 scale is applied to criteria for 
which no result may be achieved in principle, for  
example, when a method cannot be applied under  
certain conditions. The 1–5 scale is used for criteria 
for which a zero value is impossible, such as cost.

Table 1
Numerical values  

used for comparative assessment

Assessment 
category Interpretation

Assessment value

on the 
0–4 scale

on the 
1–5 scale

High The criterion is clearly 
met; for a quantitative 
characteristic, this 
corresponds to the 
maximum value

4 5

Above 
medium

The criterion is met 
to a high degree, but 
not at the maximum 
possible level

3 4

Medium The criterion is met, 
but with relatively 
low reliability or 
unambiguity

2 3

Below 
medium

The criterion can be met 
in principle, but with 
reservations

1 2

Low The criterion cannot 
be met, or can be met 
only with substantial 
reservations

0 1

https://mst.misis.ru/
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The acoustic methods considered in this study 
are characterized by parameters of different types, 
including capabilities and costs. A higher capabili-
ty score indicates an advantage of a method, where-
as a  higher cost score indicates a disadvantage.  
To account for both types of parameters in the com-
parison, positive scores were assigned to charac-
teristics reflecting advantages, and negative scores 

were assigned to characteristics reflecting limita-
tions or costs.

As noted in the Introduction, it is important to 
define the applicability limits of a particular techni-
cal solution, method, or broader diagnostic approach.  
The results of the comparative analysis of acoustic 
methods for detecting and locating fire sources in coal 
seams are therefore presented in tabular form (Table 2).

Table 2
Comparative assessment of acoustic diagnostic approaches for fire sources in coal seams

Criterion Active
Passive

Combined*
mobile stationary

Applicability High (4):
applicable with almost 
no restriction

Medium (3):
limited by access 
to measurement points 
near the fire zone

High (5):
applicable with almost 
no restrictions

Low (1):
limited by whether 
indicators can be installed

Applicability to fire 
detection in the 
goaf

Limited (0):
no substantial change 
in continuity occurs

Broad (3):
limited by access 
to measurement points 
near the fire zone

Medium (2):
depends on sensor 
location

Broad (4):
limited by whether 
indicators can be installed

Reliability Low (1):
discontinuities are not 
necessarily caused by fire

High (5):
acoustic field has 
characteristic 
parameters

Medium (3):
additional data are 
required

High (5):
indicators are activated 
at a preset temperature

Detection range Long (4):
almost unrestricted

Short (2):
limited by attenuation 
of acoustic emission 
from the fire source 
or combustion front

Long (5):
almost unrestricted

Medium (3):
limited by indicator size

Timeliness Medium (3):
depends on the time required 
for sensor installation

High (4):
depends on the 
time required for 
field and laboratory 
measurements

Low (1):
depends on the time 
required for collapse 
above the burned-out 
area

High (5):
information is transmitted 
almost immediately, 
at the speed of sound

Delineation 
accuracy

Medium (3):
depends on sensor spacing 
and wave diffraction around 
obstacles

High (4):
depends on the distance 
to the fire source

Low (1):
affected by wave 
diffraction around 
obstacles

High (5):
depends on the 
coordinates of indicator 
placement

Ability to determine 
the fire stage

Narrow (0):
insensitive to the self-heating 
stage

Broad (4):
established during 
calibration

Narrow (0):
insensitive to the  
self-heating stage

Medium (2):
depends on indicator 
design

Labor input Medium (–3):
mainly associated with 
sensor installation

Low (–1):
mainly associated with 
field and laboratory 
measurements

Low (–2):
mainly associated with 
installation of the 
recording system

High (–5):
mainly associated 
with manufacture and 
installation of indicators

Cost Medium (–3):
capital costs: equipment kit; 
operating costs: sensor 
installation and data 
interpretation

Low (–1):
capital costs: equipment 
kit; 
operating costs: 
field and laboratory 
measurements

Medium (–3):
capital costs: equipment 
kit and sensor 
installation; 
operating costs: data 
interpretation

High (–5):
capital costs: equipment 
kit and fabrication and 
installation of indicators;
operating costs: data 
interpretation

Environmental 
compatibility

Medium (–2):
installation of a large 
number of sensors and 
additional disturbance  
of the rock mass

High (0):
virtually no environ-
mental impact

High (0):
virtually no environ-
mental impact

Low (–4):
installation of a large 
number of indicators and 
additional disturbance  
of the rock mass

* Starting from the second row, it is assumed that the indicators are installed in the combustion zone.
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Table 2 shows that at least one acoustic diag-
nostic approach performs well for each criterion 
considered. The main limitation is the accuracy of 
fire-source delineation when the distance between 
the combustion front and the sensors is large. The 
number of measurements is limited primarily by 
cost considerations, whereas the exact coordinates 
of sensor installation are not subject to strict con-
straints. In practice, situations in which sensors can-
not be placed within several hundred meters of a fire 
source are relatively uncommon. Measurements can 
therefore usually be performed at distances not ex-
ceeding 200–300 m from the fire source. As data are 
accumulated from a series of measurements taken at 
different locations, the search area is progressively 
narrowed. To adapt the assessment to specific ope- 
rating conditions, weighting coefficients can be in-
troduced to reflect the relative importance of each 
criterion. The preferred diagnostic approach is then 
selected by summing the products of these coeffi-
cients and the scores assigned to the corresponding 
cells in Table 2. The highest total score indicates the 
most suitable option.

The comparison presented in Table 2 indicates 
that the methods considered should be combined 
so that the limitations of one method are offset by 
the strengths of another. Acoustic diagnostics of fire 
sources in coal seams can detect combustion, deter-
mine fire-source coordinates, track the spatial extent 
and temporal evolution of fire boundaries, and identi-
fy the fire stage. The choice of a diagnostic method, or 
a combination of methods, therefore depends on the 
specific operating conditions. Numerical scores are 
assigned to the criteria relevant to the problem under 
consideration, additional weighting coefficients are 
introduced where necessary, and the most suitable op-
tion is selected on the basis of the resulting total score.

Future directions
The use of more advanced technical solutions ex-

pands diagnostic capabilities and improves the per-
formance of acoustic methods for detecting and lo-
cating fire sources in coal seams. One less obvious but 
promising direction, particularly in passive acoustic 
diagnostics, is single-station acoustic source locali-
zation. This approach involves determining the bea- 
ring of an acoustic signal source in a rock mass  
using sensors installed at a single measurement sta-
tion rather than sensors distributed spatially across 
the seam. More than 40 years ago, researchers out-
side Russia examined this problem [21] and con-
cluded that the direction of arrival of a continuous 
acoustic signal could not be determined from sin-
gle-station measurements.

In the early twenty-first century, however, Rus-
sian scientist Professor Nikolai F. Kusov proposed 
a different hypothesis. He suggested that the direc-
tion of arrival could be determined because a com-
pressional wave propagates outward from the source 
in all directions and, in the case of a point source, ra-
dially. According to this hypothesis, particles on the 
surface of a solid medium are displaced not normal 
to the undisturbed surface but along the radius from 
the wave source. This differs from the behavior of a li- 
quid, where particles at any point on the free sur-
face are displaced vertically. This principle is shown 
schematically in Fig. 1. The gray half-plane repre-
sents the solid medium, that is, the rock mass; the 
black dot indicates the acoustic emission source; the 
concentric circles show the acoustic wavefronts at 
equal time intervals; the red arrows indicate the ra-
dius vectors of the points under consideration on the 
solid-medium surface relative to the wave source; 
the black arrows show particle displacement vectors 
on the solid-medium surface; the white circles with 
a solid outline indicate the initial particle positions 
in the area under consideration; the white circles 
with a dashed outline indicate the particle positions 
after displacement caused by the first arrival of the 
acoustic wave; and the numbers indicate the arbi-
trary numbering of particles.

Based on this hypothesis, a method was developed 
to provide an empirical technical implementation of 
single-station acoustic source localization  [22]. The 
method is based on placing several sensing elements 
with different spatial orientations at the recording 
station. For continuous processes, such as fire, at least 
two sensing elements are required: one with a fixed 
spatial orientation and another whose orientation is 
varied during recording (Fig. 2).

3 4 5 6 7

3 4 5 6 7

3 4 5 6 7

3 4 5 6 7

3 4 5 6 7

3 4 5 6 7

Fig. 1. N. F. Kusov’s hypothesis (explained in the text)
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1

2

3

4

Fig. 2. Schematic diagram of the method:
1 – working surface of the medium;  

2 – fixed sensing element; 3 – movable sensing element;  
4 – protractor for measuring the angular position  

of the sensing elements

The bearing of the acoustic-wave source is deter-
mined by comparing the amplitudes of the first arri- 
vals of acoustic pulses recorded by the movable cone 
with pulses previously recorded by the same cone 
and with pulses recorded simultaneously by the fixed 
cone. If the acoustic-pulse parameters remain con-
stant over time, one cone is sufficient. If they vary, as 
is generally the case, two cones are required. For a pla-
nar case, such as a coal seam, two cones are sufficient. 
To determine the bearing of acoustic-wave sources in 
three-dimensional space, either a third cone should 
be used or the position of the movable cone should be 
varied sequentially in two planes.

The method was tested on a model object, name-
ly a sandstone block in which mechanical impacts 
served as the acoustic source (Fig. 3), and under in-
dustrial conditions at an open-pit coal mine with an 
artificial combustion source.

The test procedure was as follows. The sensing 
elements of the measurement system were placed on 
the prepared surface of the test object, namely the 
vertically oriented surface of the rock sample, with 
contact provided by the cone tips. Controlled hammer 
impacts were then applied to the opposite side of the 
test object at the same point. The impacts were ap-
plied in series, with ten impacts in each series. The 
first cone remained in the same position throughout 
the test, whereas the second cone was rotated by 5° 
in the specified direction after each series of impacts. 
For the proposed method of determining the bea- 
ring of an acoustic emission source, impact intensi-
ty, whether from one impact to another or from one 
series to another, is not critical. The key parameter is 
not the absolute amplitude but the relative amplitude 
of the signals generated in the two sensing elements 
when each acoustic pulse reaches them.

The test results confirmed N. F. Kusov’s hypo- 
thesis (Fig. 4).

1.3 m

3.6 m

Fig. 3. General view of the sandstone block  
used in the test and the contact cone of the experimental 

setup; the photograph is rotated, which accounts 
for the cropped corners [22]
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Fig. 4. Relative amplitudes of the first arrivals of acoustic pulses as a function of the angular position  
of the movable sensing element: acoustic-pulse source bearing, 60°; angular position of the fixed sensing element, 112° [22]
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The scatter between series ranged from 4 to 25%. 
Fig. 4 shows the values averaged for each series.

After the bearing of an acoustic source has been 
determined from several points, its coordinates can be 
calculated. Thus, highly directional sensing elements 
installed in an undisturbed coal pillar or coal seam can 
be used to determine the bearing of fire sources that 
generate characteristic acoustic emission from a single 
point in the bearing plane, that is, the seam plane.

The concept of single-station acoustic source lo-
calization is not limited to bearing determination. 
If longitudinal and transverse waves are recorded 
in a  medium with a known sound velocity, this ap-
proach can also be used to determine the distance to 
the acoustic source. Sound velocity depends on seve- 
ral factors, including moisture content, pressure, and 
fracturing, which can be accounted for by introducing 
appropriate corrections. A mathematical description 
of single-station acoustic source localization remains 
a subject for further research.

Economic implication
The economic effect of specific acoustic methods 

for detecting and locating fire sources in coal seams, or 
combinations of such methods, can be calculated accu-
rately only for diagnostic operations that have already 
been implemented, when the scope of the measures 
taken is known and the associated costs can therefore 
be determined. In general terms, it is more appropriate 
to discuss the sources of this effect.

From a safety perspective, accurate detection and 
localization of fire sources and their timely suppres-
sion can reduce the cost of fire-control measures, such 
as nitrogen injection into mine workings. At the same 
time, the value of human life cannot be reduced direct 
economic losses and the cost of replacing workforce.

When the value of mineral resources affected by 
fire is considered, quantitative estimates are fully jus-
tified. With regard to coal preservation, some reports 
indicate that in the People’s Republic of China, coal 
losses caused by spontaneous-combustion fires alone 
amount to hundreds of billions of dollars annually. 
However, many fire sources may exist simultaneously, 
be at different stages, and develop at different rates. 
Most importantly, diagnostic conditions may differ 
substantially. Reliable numerical estimates therefore 
require the analysis of specific cases.

Beyond coal losses, fire sources in coal seams have 
another aspect that is highly promising for further 
research. Coal contains various chemical elements, 
including radioactive elements [23]. Their concen-
trations may differ by a factor of 1,000 or more be-
tween deposits [24]. In some cases [25–27], uranium 
and thorium contents may vary substantially within 
the same coal seam. It has been established [28] that 

the tendency of coal to self-heat increases as the de-
gree of coal metamorphism decreases. The lower the 
degree of coal metamorphism, the higher the content 
of radioactive elements in coal [29]. In other words, 
the tendency of coal to self-heat increases with in-
creasing uranium content. During coal combustion, 
the concentration of radioactive elements in ash in-
creases. At thermal power plants, this increase is typi-
cally three- to fourfold and may reach fifteenfold [30], 
whereas in fire sources in coal seams it may increase 
by orders of magnitude [31].

Conclusion
This analytical review examined acoustic methods 

for detecting and locating fire sources in coal seams 
and proposed their classification. The methods were 
compared in tabular form. The results show that com-
binations of different acoustic methods can be used 
to identify and locate fire sources in coal seams under 
virtually any real operating conditions. The prospects 
for passive acoustic diagnostics based on the concept 
of single-point acoustic source localization are also 
highlighted.

The main conclusions are as follows:
1. Acoustic methods for detecting and locating fire 

sources in coal seams were classified according to the 
origin of the recorded acoustic emission. On this basis, 
passive, active, and combined methods were identified.

2. Criteria were identified for evaluating acoustic 
methods for detecting and locating fire sources in coal 
seams under specific operating conditions. These cri-
teria include applicability, applicability to detecting 
fires in the goaf, reliability, distance, timeliness, de-
lineation accuracy, ability to determine the fire stage, 
labor input, cost, and environmental impact.

3. Acoustic diagnostics of fire sources in coal 
seams can detect combustion, determine fire-source 
coordinates, track the spatial extent and tempo-
ral evolution of fire boundaries, and identify the fire 
stage. The diagnostic method, or combination of 
methods, is selected according to the specific opera- 
ting conditions. For this purpose, numerical scores are 
assigned to the criteria relevant to the problem under 
consideration, and additional weighting coefficients 
are introduced where necessary. The most suitable 
option is then selected on the basis of the resulting 
total score.

4. Highly directional sensing elements installed 
in an undisturbed coal pillar or coal seam can be used 
to determine the bearing of fire sources that generate 
characteristic acoustic emission from a single point in 
the bearing plane, that is, the seam plane.

5. Acoustic diagnostics of fire sources in coal seams 
can be used to determine the coordinates of zones with 
elevated radionuclide concentrations.
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