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Preface 

The present collection of scientific papers is addressed to mining engineers, scientific and research 
personnel, students, postgraduates and all professionals connected with the coal and ore industry.  

The papers published describe topics related to mine workings drivage, optimization of longwall working 
parameters, modeling of mine support interaction with rock massif, stress strain state of rock massif during 
mining operations, geomechanical tasks solving, economic aspects and environment protection.  

Additional information is provided regarding recovery and utilization of mine methane, borehole 
underground coal gasification and alternative energy sources development such as gas hydrates.  
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New-generation technique and technology for leakage tests 

А. Bulat, O. Voloshyn & S. Ponomarenko 
M.S. Polyakov Institute of Geotechnical Mechanics, Dnipropetrovs’k, Ukraine 

D. Gubenko 
Yuznoye State Design Office named after M.K. Yangel, Dnipropetrovs’k, Ukraine 

 
 
 

ABSTRACT: This article describes principle and mathematic model for testing various devices for leakage 
with the help of fixed-volume method; shows advantages of this method when compared with manometric 
methods with no pressure chamber; and presents functional arrangement for applying the method under con-
sideration in industries. 
 
 
1   INTRODUCTION 

Energy saving is the key issue of economic devel-
opment in any country. One of the main types of en-
ergy for mineral mining is compressed air which is 
widely used in the industry thanks to highly safe 
pneumatic equipment. It is especially important for 
gassy and dusty mines and, besides, in some cases 
usage of compressed air is the only possible way 
when electric power is dangerous to be used for the 
mineral mining in underground mines under the coal 
burst and gas release hazard. However, air ducts and 
pneumatic devices in the active mines are in such 
condition that requires special measures in order to 
reduce direct energy inputs and material resources 
when compressed air is used. Today nonproduction 
cost of compressed air supplied to the mining 
equipment is very high, and the problem to cut the 
cost is a strong business case as tariffs for the en-
ergy carrier are growing. 

One of the ways to save energy at compressed air 
production, transportation to and consumption by 
the mining pneumatic equipment is minimization of 
the compressed air losses through the improved leak 
proofness in the pneumatic systems and equipment. 
With this end in view, the mining companies should 
improve their standards for testing the pneumatic 
equipment and air-supply system for leakage in the 
course of repair and preventive maintenance. 

2   RESULTS OF THE STUDY 

The most widely spread method of testing pneu-
matic devices with no pressure chamber is ma-
nometric method which determines value of the air 
pressure drop per time unit. This method is known 

as pressure drop method. Its main drawback is es-
sential inaccuracy caused by impact of environment 
parameter gradient on accuracy of the leakage tests. 
This drawback can be eliminated with the help of 
fixed-volume method at which: 

– two similar vessels (reference vessel and com-
pensating vessel) are used; 

– the vessels and device which measures differen-
tial pressure between the vessels are located inside 
the closed thermostat; 

– value of factual total leakage in the system or 
device is determined by the varied gas mass value in 
the compensating vessel; 

– mathematic model which calculates total leak-
age size takes into account factual variations of gas 
pressure and temperature in the device under con-
sideration.  

Functional arrangement of components for testing 
device for leakage with the help of the fixed-volume 
method is shown in the Figure 1. 

In this scheme, device 1, which is a compressed-
air consumer (volume tV ) in the mine, is connected 

to the compensating vessel 7 and reference vessel 8 
inside the thermostat 6 with the help of pneumatic 
lines 2, 3 and shutoff valves 4, 5. Differential pres-
sure meter 9 is installed between the vessels. Initial 
compressed air parameters are fixed in the reference 
vessel, and current parameters are fixed in the com-
pensating vessel per certain period of time, and 
thermostat maintains positive temperature balance 
with the environment.  

Below is a sequence of preparatory operations for 
the leakage testing: 

– the device under the test, compensating vessel 
and reference vessels are filled with compressed air 
up to the operating pressure;  

– operating pressure is aligned throughout the 
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whole system, and the system is shut off from the 
compressed air source by the valve 4 (not shown in 
the Figure 1); 

– compressed air temperature in the vessels is 
stabilized up to specified value, and the reference 
vessel is shut off from the device under the test; the 
compensating vessel is still connected to the device, 
and both vessels are connected to each other 
through the differential pressure meter. 

 

 

Figure 1. Functional arrangement for testing device for 
leakage with the help of the fixed-volume method: 1 – de-
vice under the test; 2, 3 – pneumatic lines; 4, 5 – shutoff 
valves; 6 – thermostat; 7, 8 – compensating  and reference 
vessels; 9 – differential pressure meter; 10 – sensor of the 
gas absolute pressure in the reference vessel; 11, 12, 13 – 
temperature sensor; 14 – barometric-pressure sensor. 

 
The following measurements are made in real 

time mode: 
– absolute air pressure in the reference vessel – by 

the sensor 10; 
– air temperature in the geometric centers of the 

reference and compensating vessels – by the sensors 
11 and 12;  

– environment temperature in the entry to the 
thermostat – by the sensor 13; 

– atmospheric pressure – by the sensor 14 and dif-
ferential pressure between the compensating  and 
reference vessels – by the sensor 9 . 

The layout of the reference vessel 8, compensat-
ing vessel 7 and differential pressure meter 9 in the 
thermostat 6 (Figure 1) allows aligning temperature 
fields in them and removing temperature distur-
bance received from the device 1. Thank to this, the 
compensating vessel receives from the device 1 only 
disturbance caused by differential pressure of com-
pressed air. Changes of the air parameters can be 
explained by two factors: leakages in the device 1 
and changed environment parameters. The changes 
occur in accordance with the Clapeyron-Mendeleev 
equation for the gas state and the law of mass and 
energy conservation.  

The mathematic model of testing the devices for 
leakage by the fixed-volume method is based on the 
key laws of molecular-kinetic theory of gas (Gins-
burg 1966 & Loistyankiy 1973). 

Generally, processes occurring in the “device-

compensating vessel” system are described by the 
following set of equations: 
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   (1) 

where P  – pressure of compressed air at the begin-
ning of testing (boost pressure); tV  and cV  – vol-

umes of the device under the test and compensating 
vessel; кm  and кm  – air mass in the compensating 

vessel at the beginning of testing and its changes in 
the course of testing; iк,T  and cк,T  – initial and 

current temperature in the compensating vessel; R  – 
universal gas constant; tm  and tm  – air mass in the 

device at the beginning of testing and its changes in 
the course of testing; iu,T  and cu,T  – initial and 

current temperature in the device; сP  – current dif-

ferential pressure between the compensating and ref-
erence vessels measured by differential pressure  
meter. 

This method of leakage test with the help of com-
pensating and reference vessels is based on the as-
sumption that when there is no compressed air leak-
age from the system mass of the compensating ves-
sel does not change. This conclusion is proved by 
the equations of the gas state for the compensating 
vessel at the beginning and at the end of testing 
when the given gas volume is in the equilibrium 
state. Equation 1 and 3 of the set (1) shows that: 
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From the latter equation, it is obvious that 
0tк,m , provided: 

iк,

cк,c
T
T

P
P 

  or 
iк,cк,

c
T

P
T
P 




 . 

Thus, if there is no leakage in the system 
( 0tк,m ) though temperature changes due to the 

heat exchange between the device under the test and 
environment then the Р change caused by this tem-
perature factor is linearly connected with the cк,T  

change in the compensating vessel. As pressure in the 
vessel cannot be less than pressure in the device (it 
would contradict the Pascal law on the isometry of 
pressure) the mass can flow only from the compensat-
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ing vessel into the device and not vice versa. There-
fore, in the equation (2) the tк,m  is always 0 .  

Consequently, as during the time period needed 
for estimating leakage proofness of the device we 
have the following correlation:  

const
T
P

T
P

iк,cк,

c 



, 

then we can say about complete leakage proofness 
of the device with accuracy commensurable with the 
measurement inaccuracy. 

Distinctive features of this method (they were 
confirmed by mathematic model during studying 
physical process of the compressed air leaking from 
the device under the test) are the following:  

1. Re-distribution of the compressed air parame-
ters in the compensating vessel is determined by the 
adiabat law with adiabat ratio k , and re-distribution 
of gas parameters in the device – by polytropy law 
with polytrope index n : 

k
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where c,aP  – measured current atmosphere pres-

sure; t,eT  – mean value of the current compressed-

air temperature measured in the compensating  and 
reference vessels; c,aT  – current atmosphere pres-

sure measured in the entry into the thermostat.  
2. Changed compressed air mass in the device in-

cludes air mass flowing out from the device due to 
the leakage and some quantity of air flowing into 
the device from the compensating vessel. 

3. Mass value ym  of factual leakage in the de-

vice in the atmospheric condition is determined by 
the following equation: 
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where ce VV   – volume of the reference vessel; 

n , nP , nT  – air density, pressure and temperature 

at normal conditions which are chosen from the ref-
erence data; i,aT  – initial temperature of atmos-

pheric air measured in the entry into the thermostat; 

i,tT  – initial temperature measured in the compen-

sating vessel; c,iP  – computed correction for pres-

sure variation under the impact of environment tem-
perature. 

Mean value of the current compressed-air tem-
perature in the vessels and correction for pressure 
variation are calculated by the following formulas: 

te,cк,iк,t,e TTTT   ; 











 1

i,a

c,a
c,i T

T
PP , 

where te,T  – current change of temperature meas-

ured in the reference vessel; c,aT  – current tempera-

ture of environment. 
In spite of impact of external factors (heat ex-

change between the device under the test and envi-
ronment and real variations of pressure) mass value 
of factual leakage in the device ym  depends only 

on re-distribution of the compressed air mass be-
tween the device and compensating vessel. In order 
to determine ym  in the formula (3) impact of 

changed external factors and steadiness of thermo-
stat operation are taken into account in the polytrope 
index n and values of c,iP , i,tT  and t,eT . 

The mathematic model is based on the following 
assumptions: 

– only quasi-statistic processes are considered; 
– relaxation period is essentially less than time 

periods for which gas-state equations are written; 
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– time period during which pressure of com-
pressed air in the device changes due to the leakage 
in the device and heat exchange with the environ-
ment is essentially longer than the relaxation period; 

– compressed air pressure and its changes are the 
same in all points of the system according to the 
Pascal law; 

– compressed air temperature and density can dif-
fer in different points in the device volume and are 
inversely dependent on each other; 

– compressed air temperature in the pneumatic 
line in the entry into the thermostat is equal to tem-
perature of environment; 

– leakage in the pneumatic line, shutoff valve, 
compensating and reference vessels and instrumen-
tation equipment is essentially less than measured 
leakage of compressed air. 

Depending on how compressed air mass in the 
reference vessel has changed factual value of leak-
age in the device is determined by specially de-
signed fixed-volume method and with taking into 
account character of changes of environment pa-
rameters. 

For the purpose of practical testing devices for 
leakage by the fixed-volume method, the Institute of 
Geotechnical Mechanics under the National Acad-
emy of Science of Ukraine together with the 
Yuznoye State Design Office named after M.K. 
Yangel created and tested on the space-rocket hard-
ware a precision Leak Testing Device for Hollow 
Wares (LTDHW), which consists of the following 
key structural elements: 

– compensating and reference vessels designed as 
the Dewar spherical container; 

– electronic unit for measuring local temperature 
in gaseous media by quartz frequency thermometers 
(QFT); 

– electronic unit for measuring differential pres-
sure between the vessels which consists of low-limit 
differential pressure sensor, series LPX/LPM, pro-
duced by the “DRUCK Company (UK), and AD 
converter;  

– electronic unit for measuring excess pressure 
and barometric pressure which consists of two reso-
nance pressure sensors of extra accuracy, RPT se-
ries, produced by the “DRUCK Company (UK), and 

AD converter. To measure barometric pressure, 
barometric pressure sensor RPT 410F is used. To 
measure excess (working) pressure, pressure sensor 
RPT 200 is used. 

The instrumentation equipment has passed incom-
ing metrological inspection and metrological attesta-
tion in the National Scientific Center “Metrology 
Institute”.  

At working pressure up to 0.3 MPa (3 kgf / cm2), 
the LTDHW detects factual leakage in the device 
under the testing with error not more than 20% from 
the measured values. The low limit of the leakage 
size measured by the working example of the 
LTDHW is 10 l micron HG / s. Total time period 
needed for testing device for leakage is not more 
than 8 hours.  

3   CONCLUSIONS 

The method to test pneumatic equipment in mines 
for compressed air leakage with the help of the 
fixed-volume method is a result of complex theo-
retical and experimental studies of various methods 
of detecting micro leakages without using indicating 
gases and barometric equipment. The fixed-volume 
method improves accuracy and reliance of detecting 
compressed-air leakage from the wares of any con-
figuration and helps to determine factual size of to-
tal leakage in the devices in real testing conditions. 
Computerized method of the leakage tests on the 
basis of the proposed fixed-volume method will 
provide proper test control, automatic measurement 
of all parameters, computer processing of measuring 
results with their conversion to any needed dimen-
sions. The method also makes shorter testing time 
and improves accuracy and reliance of measurement 
of factual leakage size in the devices. 
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Optimal parameters of wall bolts computation  
in the united bearing system of extraction workings  
frame-bolt support 

V. Bondarenko & I. Kovalevs’ka 
National Mining University, Dnipropetrovs’k, Ukraine 

R. Svystun  
Mokryanskiy quarry, Zaporozhye, Ukraine 

Yu. Cherednichenko 
“Fuel-energy company of Donetsk” Donets’k, Ukraine 
 
 
 
ABSTRACT: Engineering approach of required rational parameters of wall bolts installation, which provide 
optimal load on the frame support all over its contour in view of their mechanical interrelation in the united 
bearing construction using spatial-flexible units is developed.  
 
 
Conducted researches of frame-bolt support interac-
tion with rock massif around extraction workings, 
which are exposed to the intensive impact of  
stoping, stresses into the support, caused by loads of 
rock massif computation, obtained solutions nu-
merical analysis allowed to work out engineering 
approach of flexible frame-bolt support rational 
parameters. It is based on nomograms range crea-
tion, which allows to compute parameters efficiently 
and accurate enough depending on mining environ-
ment and mine engineering conditions of extraction 
working maintenance. Main design parameters of 
frame-bolt support include: reactions jN  of bolts 

interaction (equal within their bearing ability), 
coordinates jN  of bolts installation. 

Computation of impact required reaction on 
flexible bolts frame props. Nomogram used to 
measure required reaction 1N  of bottom bolt,  

located from the side of the coal seam is shown on 
Figure 1. Numerical analysis has shown, that re-
quired rate of bolts reaction 1N  essentially (more 

than 10% of 1N  intensity) depends on variables:  , 

c , 
vq

k
, 

r
m

, 
r
h

. Here,   and c  are the angle of 

internal friction of rocks and coal, respectively; vq  

and k  – are the vertical load on the frame and the 
coefficient of its skewness (Bondarenko, Kovalev-
s’ka & Symanovych 2012), respectively.  

Computation of parameter 
rq

N

v

1  is conducted in 

terms of quadrants I-V in accordance with wrench 

move for following basic data: 30 , 20y , 

30.
r
h
  and 40.

r
m
  (which with working arch 

radius 52.r   m corresponds to the height of rock 
bankette 750.h   m and of the seam 1m m), 

40.
q
k
v
 . From I quadrant’s horizontal scale and 

point  30  we drop a perpendicular to meet with 

the line 30.
r
h
 , from which we contour in quad-

rant II up to meet with the line 40.
r
m
 ; from this 

point we drop a perpendicular to the lower border of 
the quadrant II, where we receive point .A  From 
the mark  20c  on the vertical scale of quadrant 

IV we contour to the point of meeting with line 

40.
r
m
 , from which we erect a perpendicular to 

the top border of the quadrant IV and receive a point 
B . We connect points А  and В  with line we 
receive intermediate parameter value 0.235 on the 
summarizing scale of the quadrant 3. We put this 
value on quadrant's V vertical scale. From this point 
we contour to the point of meeting with the line 
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40.
q
k
v
 , from which we erect a perpendicular to 

the top horizontal scale of quadrant V, where we 

read the answer 28501 .
rq

N

v
 m. Bottom bolt reac-

tion magnitude 1N  (for example with 52.r  m and 

165vq kPa) builds up 28501 .N  m   2.5 m   

165 kPa = 117 kN in terms of one frame installation 
on one long meter of the working. If the number of 
frames on one long meter equals one, that means 

1n  that the reaction 1N  of the bottom bolts is 

117 kN. With other value n  of frames installation 

on working long meter number reaction 'N1  of the 

bolt equals  

n
NN' 1

1  . 

Nomogram used to measure required reaction 2N  

of the top bolt, located from the side of the coal seam 
is shown on Figure 2. Computation is conducted in 
accordance with wrench move over the quadrants I-V 
by analogy with nomogram of reaction 1N  computa-

tion. Parameter value 
rq

N

v

2  for the top bolt (located 

from the side of the coal seam) builds up 0.20 m. for 
previously shown basic data, and reaction magnitude 

1N  (with 52.r  m and 165vq kPa) equals 

2002 .N  m   2.5 m   165 kPa = 83 kN for one 

long meter of the working. 
 

  

Figure 1. Nomogram used to measure required reaction 1N  

of the bottom bolt, located from the side of the coal seam. 

Figure 2. Nomogram used to measure required reaction 

2N  of the top bolt, located from the side of the coal seam. 

 

Nomogram used to measure required reaction 4N  

of the bottom bolt, located from the side of the goaf is 

shown on Figure 3. Parameter 
rq

N

v

4  dimensioning is 

carried out in accordance with wrench move over the 

quadrants I-V for basic data: 30 , 30.
r
h
 , 

 
023 .

q
q

v

b  , 
 

502 .
q

q

v

b  , 40.
r
m
 , 40.

q
k
v
  and 

is run in the following order. From the mark 30  

on the horizontal scale of quadrant I we drop a per-

pendicular to meet the line 30.
r
h
 , from which we 

contour in quadrant II to the line 
 

023 .
q

q

v

b   and 

from the point of meeting we drop a perpendicular to 
the bottom border of the quadrant II, where we re-
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ceive point A . From the value 
 

502 .
q

q

v

b   on the 

vertical scale of quadrant IV we contour to the point 

of meeting with the line 40.
r
m
  and erect a perpen-

dicular to the top border of the quadrant IV, where we 
receive point B . Then we connect points A  and B , 
and compute value of the intermediate parameter on 
the horizontal scale of the quadrant III that equals 
0.315. We put this value on the vertical scale of 
quadrant V, and contour to the point of meeting with 

the line 40.
q
k
v
 , from which we erect a perpendicu-

lar to the horizontal scale of the quadrant V, where 

we read the answer 35304 .
rq

N

v
 m. Bottom bolt reac-

tion magnitude 4N  (for example with 52.r  m and 

165vq kPa) builds up 35304 .N  m   2.5 m   

165 kPa = 145 kN on one long meter of the  
working. 

 

  

Figure 3. Nomogram used to measure required reaction 

4N  of the bottom bolt, located from the side of the goaf. 
Figure 4. Nomogram used to measure required reaction 

3N  of the top bolt, located from the side of the goaf. 

 

In order to compute top bolt required reaction 

3N , located from the side of the goaf, nomogram 

was designed (Figure 4). Usage rules of it are simi-

lar to the previous example. A value 25503 .
rq

N

v
 m 

is received for previously shown basic data, and 
reaction 3N  magnitude built up 1053 N kN per 

one long meter of the working.  
Units of flexible bolts connection on frame sup-

port props installation place computation. Except of 
the required bolts reaction stresses jN , rational 

parameters of their installation also include coordi-
nates of their location over the working contour. 

Angular coordinate 
jN ( 41,...,j  ) is used as 

such parameter. According to the analysis, it essen-
tially depends on existing variables: angle of inter-

nal friction of rocks  ; ratio of 
r
h

 natural bankette 

height to the working arch radius; ration 
r
m

 of 

seam height to the radius of working arch; angle of 

internal friction of c  coal seam; ratio of 
vq

k
 load 

increment k  in zone of stoping influence to the 
vertical load vq  on the support out of this zone. 
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Following variables need to be considered during 
the computation 

jN  for the other pair of bolts 

( 43  ,j  ), that are installed from the side of the 

goaf: ratio of 
 

v

b
q

q 3  wall load  3bq  along the 

length of natural bankette (under security element) 

to the vertical one vq ; ratio 
 

v

b
q

q 2  of wall load 

 2bq , acting along the height of the security ele-

ment to the vertical one; ratio 
vq

k
, angle of internal 

friction of rock  ; ratio of 
r
h

 and 
r
m

. 

Nomogram used to compute rational coordinates 

1N  of bottom bolt installation over the quadrants 

I-V is presented on Figure 5 in accordance with 

wrench move for following basic data: 30 , 

20y , 40.
q
k
v
 , 30.

r
h
 , 40.

r
m
 . 

From the mark 30  on the vertical scale of 
quadrant I we contour to the point of meeting with  

the line 30.
r
h
 ; from this point we drop a perpen-

dicular to quadrant II till it meets the line 40.
q
k
v
 , 

from which we contour to the quadrant II, where we 
receive value 1.77 of accessory parameter. Accord-
ing to this value we build a curve in quadrant III. 

From the mark 20c  in quadrant IV we contour 

to the line 40.
r
m
 , from which we drop a perpen-

dicular to quadrant III to the built by us line 1.77. 
From the point of meeting we contour to the right 
vertical scale of quadrant III, where we read the 

answer 90
1
N . As the result, it is the most 

rational to install the bottom bolt near the frame bolt 
arch footing for the given example. 

Rational coordinate 
2N  of top bolt installation 

computation from the side of the coal seam is con-
ducted according to the nomogram (Figure 6) simi-
larly to above described example. As a result of 
computation for the same basic data we discover, 
that the top bolt must be installed at the angle of 

638
2

.N   to the working vertical axis. 

 

  

Figure 5.  Nomogram used to measure rational coordinate 

1N  of the bottom bolt, located from the side of the coal 

seam. 

Figure 6.  Nomogram used to measure rational coordinate 

2N  of the top bolt, located from the side of the coal seam. 

 
Nomogram used to Figure rational value 

3N  of 

the top bolt installation, located from the side of the 
goaf is shown on Figure 7. Computation is conducted 
in accordance with wrench move for following basic 

data: 
 


v

b
q

q 3 0.8, 
 


v

b
q

q 2 0.4; 
vq

k
0.4; 30 ; 

30.
r
h
 ; 40.

r
m
 . The other parameters do not have 

such significant impact on the angular coordinate 

3N . Method of computation is following: from the 

mark 
 

803 .
q

q

v

b   of the horizontal scale of quadrant 
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and we drop a perpendicular to the line 30.
r
h
 ; then 

we contour in quadrant II to the line 
 

402 .
q

q

v

b  ; 

after that we drop a perpendicular to quadrant III to 

the line 40.
r
m
 ; then we contour from this mark 

and read on the vertical scale of quadrant III the 
answer for intermediate parameter. It equals 1.08. 

After that we contour from the mark 30  on the 

vertical scale of quadrant IV to the line 40.
q
k
v
 , 

there we erect a perpendicular in quadrant V; we read 

the answer – 27
3
N  from the point of meeting 

of vertical wrench with the line 1.08 in quadrant V on 
its vertical scale. We compute bottom bolt 

95
4
N  coordinate using nomogram shown on 

Figure 8 by analogy with the previous one. 

 

  

Figure 7. Nomogram used to compute installation coordinate 

3N  of the top bolt, located from the side of the goaf.  
Figure 8. Nomogram used to compute installation coordinate 

4N  of the bolt, located from the side of the goaf. 

 

Thus, as the result of wall bolts and frames unifi-
cation by means of mechanical bonds into the united 
bearing system it is possible to create frame-bolt 
supports in terms of high wall loads. They are nota-
ble for reduced material capacity and sufficient 
bearing ability.  
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Pillars sizing at magnetite quartzites room-work 

M. Stupnik, V. Kalinichenko & S. Pismennyi 
Kryvyi Rig National University, Kryvyi Rig, Ukraine 

 
 
 
ABSTRACT: The methods of the inclined pillars parameters calculation at level room-work of thick com-
plex-structural magnetite quartzite deposits in Kryvyi Rig iron ore basin is given. 
 
 
1   SCIENTIFIC AND PRACTICAL TASKS 

In Kryvyi Rig iron ore basin rich and poor iron de-
posits are generally mined by room-work or sub-
level caving methods (Table 1). 

The main efficiency indices of mining methods 
are production costs, which is largely determined by 
the level of ore losses, degree of waste rock dilution 
and the specific volume of the access workings  
(Table 2). 

 
Table 1. Mining methods applied in mines. 

Enterprise Mine Mining depth, m Mining methods 
Rodina 1315 sublevel ore caving 
Octyabrskaya 1190 
Lenin mine 1275 

PJSC “Krivbaszhelezorudkom” 

Gvardeiskaya 1270 

sublevel ore caving; 
room and pillar caving 

PJSC “ArcelorMittal Kryvyi Rig” #1 Artem mine 1135 sublevel ore caving 
Yubileinaya 1260 PJSC “Evraz Sukha Balka” 

 Frunze mine 1135 
sublevel ore caving; 
room and pillar caving 

 
Table 2. Technical and economic indices of mining methods in Kryvyi Rig iron ore basin. 

Mining methods 
Name 

Level room-work Sublevel room-work Sublevel caving 
Specific weight in annual production, % 35.0 20.0 45.0 
Specific volume of development and  
access workings m / th. t  

1.9-3.0 2.5-4.5 3.0-5.0 

Ore losses, % 5.0-10.0 
17.4-25.0 

7.0-12.0 
16.9-20.0 

14.7-18.0 

Ore dilution, % 4.0-7.0*) 
13.0-16.0*) 

4.0-6.0*) 
11.4-14.0*) 

16.5-18.0 

Iron content reduction in ore output, % 0.5-2.0 0.3-1.5 1.5-3.0 

Note: * – without pillar and ceiling mining. 
 

Table 2 represents that the sublevel caving meth-
ods reduce iron ore content in ore output almost by 
two times in comparison with the room-work 
(Hivrenko 2001 & Development of technological… 
2012). Taking into account that magnetite quartzite 
deposits are composed of very thick hard rocks 
technological advancement of their room-and-pillar 
methods is rather essential. 

2   PAPER ANALYSIS 

Iron ore deposits in Kryvyi Rig basin, reach the 

horizontal area of more than 1500 m2 and strike 
length of more than 700 m, of ore bodies ranging in 
size from 50 to 500 m2 and strike length from 10 to 
75 m. The share of large deposits is 80% from the 
ore area in the basin. Their thickness varies from 20 
to 150 m and more. The ore bodies are extended in 
the north-east direction and lie at angle from 20 to 
80 degrees with the grade of ore from 36 to 64%. 
Physical and mechanical properties of Kryvyi Rig 
iron ore basin vary widely. Some mine fields have 
one or two parallel iron deposits containing about 
70% of the reserves of the mine field, others have 
more than 20 separate ore bodies having a strike 
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length from 150 to 500 m with the grade of ore from 
58 to 64% (Development of technological… 2012). 

According to the occurrence iron ore deposits are 
divided into homogeneous and heterogeneous (De-
velopment of technological… 2012 & Bizov 2001). 
There are inclusions of barren area or ores with low 
grade quality in heterogeneous deposits. The thick-
ness of barren areas varies from 3.2 to 6 m in some 
areas to 10.6 m. The specific area of barren inclu-
sions within the level (sublevel) is 10...15-18%. The 
deposits with the presence of barren area, are usu-
ally mined by complete mining, see Table 1. 

3   THE PROBLEM STATEMENT 

Application of traditional mining methods with ore 
complete mining at ore deposits mining, including 
barren area inevitably leads to a decline of the ore 
grade quality from 3 to 10%, which significantly af-

fects the sale price of commercial products and in-
creases the cost of extraction, transportation, hois-
ting of extracted rock mass and its dressing. 

Thereby, the development of improved version of 
mining methods for deposits with barren area inclu-
sions, allowing to increase the quality of mined ore 
mass, is an important scientific and technical task 
for mines. 

4   MATERIAL PRESENTATION  
AND RESULTS 

Ore deposits of Kryvyi Rig iron ore basin according 
to their structure can be divided into five types: 1 – 
without barren area inclusions; 2, 3 and 4 – mining 
ore area has single; double and triple barren area in-
clusions; 5 – ore area has combined barren area in-
clusions, Figure 1. 

 

 
 
Figure 1. The structure of ore deposits of Kryvyi Rig iron ore basin. 
 

The first type includes all single and parallel and 
contiguous deposits that don’t contain barren area 
inclusions or the thickness of barren area inclusions 
between the ore deposits is more than 15 m. In this 
case, it should be noted that the parallel and con-
tiguous deposits are mined separately. Deposits 
which have one barren area inclusion with the 
thickness of not more than 10 m belong to the  

second type. The third and the fourth type are ore 
deposits having two or more barren area inclusions, 
the distances between barren area inclusions vary 
from 15 to 35 m and more. The fifth type is ore de-
posits with barren area inclusions of irregular shape. 

Based on researches, the classification of ore de-
posits of Kryvyi Rig iron ore basin tend to be mined 
by room and pillar systems is given (Table 3). 

1 2 3 4 5 
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5-10 m 
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5-10 m 
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5-10 m 
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70
-1
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70
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m
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Table 3. Morphological classification of ore deposits of Kryvyi Rig iron ore basin. 

Name  

Without 
barren 
area  

inclusions 

Single barren area 
inclusions 

Doubled by barren 
area inclusion  

Tripled by 
barren 
area  

inclusion 

Combined  
barren area  
inclusions  

Deposit type 1 2 3 4 5 
Dip angle of ore  
deposits, degree  

45-90 45-60 60-90 45-60 60-90 60-90 45-60 60-90 

Thickness of ore  
deposits, m 

10-150 60-150 40-150 80-150 60-150 120-150 35-150 35-150 

Dip angle of barren 
area inclusions, degree 

— 45-90 60-90 45-60 60-90 60-90 45-70 60-90 

Thickness of barren 
area inclusions, m  

— 5-8 5-10 5-8 5-10 5-10 5-8 5-10 

Rigidity of ore body  +/- +/- +/- +/- +/- +/- +/- +/- 
Rigidity of hanging 
wall rock  

+ + +/- + + + + +/- 

Rigidity of bottom 
wall rock  

+ +/- + +/- + + +/- + 

Rigidity of rock inclu-
sions  

— + +/- + + + + +/- 

Notе: + hard ores or rock; – soft ores or rock. 
 

For mining of iron ore deposits with barren area 
inclusions (type 2-5) it is necessary to use selective 
mining, leaving barren area inclusions in the waste 
area (Bizov 2001). This can be achieved by using 
level (sublevel) room and pillar systems with caving 
or leaving pillars and crowns between rooms. How-
ever, their use has a number of boundary conditions, 
which include: the minimum allowable thickness of 
barren area and ore deposit, the amount of mining 
panels, the thickness of inclined dirt area inclusion 
(Storchak 2003).  

The minimum allowable thickness of barren area 
inclusion is conditioned by inclined pillar integrity 
support, normal conditions of ore crashing and de-
termined by 

W.mn  51 ,      (1) 

where nm  – minimum allowable thickness of bar-

ren area inclusion, m; W  – line of least resistance at 
longhole work, m.  

The minimum allowable thickness of ore body 
limited by the barren area inclusion depends on the 
underground mining technology, height of level 
(sublevel) and is determined by 

  np mh..m  3010  ,     (2) 

where pm  – minimum allowable thickness of ore 

body which is situated near barren area, m, h  – 
height of level, m. 

The amount of mining panels in the stope limited 
across by barren area inclusions is determined by 

1
n
MN ,      (3) 

where N  – amount of mining areas in the stope 
limited across by barren rock inclusions; M  – hori-
zontal thickness of ore deposit, m, n  – amount of 
barren area inclusions the thickness of which are 
ranged from 5 to 8-10m.  

The thickness of the inclined barren area inclu-
sion that will ensure its stability for a period of the 
panel mining is determined by the conditions of the 
longitudinal compressive forces lP  in which there 

is no integrity. Side forces sP , are directed towards 

the previously mined room filled with caved rocks 
(Storchak 2003). The design formula for determin-
ing the width of the inclined interstall pillar is 

s
fсomc

tdl m
Kn

hKP
b 









,   (4) 

where lP  – longitudinal compressive forces work 

along the inclined pillar; dK  – ratio depending on 

the tensile stress and rock deformation;   – ratio of 
rock creeping; t  – rock tensile strength, kPa; cn  – 

amount of longitudinal pillars per one room; 

сom  – rock compressive strength; fK  – inclined 

pillar stability factor;   – specific weight of rock, 
forming the inclined pillar, kg / m3. 

In the case when there is no tensile stress and de-
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formation in the pillar dK  is 1.15-1.41, when in-

clined pillar subjected to maximum deformation 
without affecting its integrity dK  is 1.41-1.73, in 

the laminated fractured ground with possible or par-
tial pillar caving dK  is 1.63-2.0, and at crack initia-

tion with the following caving dK  is 2.0-2.44 (Sle-

sarev 1948). 
So, the width of the inclined barren pillar defined 

by the expression (4) should be 1.5 times greater 
than the thickness power of barren area inclusion. 
As a result of researches an improved version of the 
level room mining methods with pillars and crown 
caving is developed.  

A distinctive feature of the proposed version of 
the room mining method shown in Figure 2, from 
the traditional is the following. Mining section is di-
vided into mining panels according to the thickness.  

 

 Vertical projection

Cross-section across-strike
j i

air level

drilling level

draw level 
transportation level 

air level 

drilling level 

undermining level 
draw level 
transportation level 

 

Figure 2. Level room development with dirt inclusions leaving in the section: 1 – primary stope (room); 2 – hauling road-
way; 3, 4 – raise, air and passageway, ore-pass; 5, 10 – draw entry; 6 – loading rooms; 7 – ditch undercutting; 8 – stope of 
the second turn (room fender); 9 – vertical compensation room; 11 – spiral ramp; 12 – rings of block caving deep holes; 
13 – cutoff ditch ort; 14 – cut raise. 

 

The first section is limited by hanging wall rock 
and hanging wall of barren area inclusion, the last 
one is limited by hanging wall of barren area inclu-
sion and bottom wall. Section mining is carried out 
by mining panels from hanging to bottom wall. 

The panels are mined separately by level, (sub-
level-) room and pillar system with the formation of 
a separate compensation space, drilling and recei-

ving levels. Between the mining panels the inclined 
pillar consisting of barren inclusion is left. Interstall 
inclined pillars (barren inclusions) are not mined but 
remain unaffected between panels. Ore pillars and 
crowns mining are carried out according to the tra-
ditional technology. The results of calculation of 
improved mining method application compared with 
traditional technologies are shown in Table 4. 
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Table 4. Technical and economic indices of mining methods in deposits with barren area inclusions. 

Name 
Room and pillar mining 

without pillar caving  
Ore and cover caving 

methods  
Proposal room and  

pillar mining method  
Block (panel) parameters     
Block strike length, m  50 50 50 
Mining thickness, m 100 100 80 
Level height, m 90 90 90 
Barren inclusion thickness, m 10 10 - 
Dip angle of ore deposits, degree 80 80 80 
Barren inclusions amount, pieces 2 2 - 
Mined blocks (panels) amount, pieces  1 1 3 
Ore volume weight, t / m3  2.8 2.8 2.8 
Barren inclusions volume weight, t / m3  2.2 2.2 - 
Ore mass reserve in the block, th. t 1206 1206 1008 
– ore reserve in the block, th. t 1008 1008 1008 
– barren inclusion reserve in the block, th. t  198 198 - 
Grade, %:    
– in ore 46.0 46.0 46.0 
– in rock 24.0 24.0 24.0 
– in dirt inclusions  16.0 16.0 - 
Specific rate of preliminary development 
and access working, m / th.  

2.8 3.6 3.8 

Ore output per hole meter run, ton / m  21 20 25 
Output per man-shift, t / per shift 136.2 154.8 155.72 
Grade of mining block (panel), % 40.0 40.0 46.0 
Ore loss, % 10.0 16.0 10.0 
Ore dilution, % 7.0 15.0 7,0 
Ore mass amount, th. t 1084.5 1191.8 975.5 
Grade of mined ore, % 38.9 37.6 44.5 

 

5   CONCLUSIONS 

It is determined that the use of inclined pillars con-
sisting of barren area inclusions allows to increase 
the iron content in the mined ore from 37.6-38.9% 
to 44.5%, and to reduce drilling, output and miner-
als processing costs. Thus, the ore output is reduced 
by 10-18%, which significantly reduces the rock 
processing and haulage costs. 

The given method of pillars determination is ap-
plicable when the calculated width of inclined pil-
lars is equal to or less than the barren inclusion 
thickness. In the case when the calculated width of 
the inclined pillar is more than the barren inclusion 
thickness, the traditional ore and cover caving 
method is applied. 
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The calculation scheme of mathematical modeling 
of displacement process of a terrestrial surface  
by working out of coal layers 

M. Antoshchenko, L. Chepurnaya & M. Filatyev 
Donbass State Technical University, Alchevs’k, Ukraine 

 
 
 
ABSTRACT: On the basis of the carried-out theoretical research and analysis of experimental data it’s been 
developed method of forecasting final subsidence of terrestrial surface which uses trajectory displacement of 
points on the earth surface and which takes into account the mechanical properties of rocks, mining depth 
and geometry sizes of extraction sites. 
 
 
Determination of regularities of process of displace-
ment of a terrestrial surface at a side job its clearing 
developments is one of the main objectives while 
working off of coal layers. The authentic forecast of 
parameters of displacement of a terrestrial surface 
promotes the successful decision of others, not less 
important, mining tasks. To them, except protection 
of objects on a terrestrial surface, the choice of the lo-
cation of excavations and rational ways of their pro-
tection from influence of mountain pressure, the gas 
emission forecast from undermining sources, justifi-
cation of rational schemes of airing of extraction 
sites, calculation of bearing ability support also many 
other things belong. By the solution of the specified 
tasks essential value has establishment of dynamics of 
displacement process and allocation of its characteris-
tic stages. 

Duration of process is considered the period of 
time during which the terrestrial surface is in a condi-
tion of displacement owing to influence of clearing 
works. The general duration divides into three stages: 
initial, active and subside stage. Establishment of the 
specified stages according to the normative document 
(The rule of undermining of buildings, 2004) is made 
rather conditionally and in modern conditions of big 
depths of development to their definition it is impos-
sible to declare existing approach completely correct 
(Kulibaba 2010). Its main shortcoming is lack of ac-
curate and unambiguous methods of definition of a 
temporary framework of course, both all process of 
displacement of a terrestrial surface, and its separate 
stages. The most perspective direction in the solution 
of a considered problem it’s offered the approach rep-
resented by Professor Gavrilenko Yu.N. (Gavrilenko 
2007). 

Division of displacement process of a terrestrial 
surface on separate stages is offered to be made by 

means of characteristic points of the mathematical 
function describing development of subsidence of a 
terrestrial surface in time. By way of such points it 
is offered to use extremes of the first three deriva-
tives on time from the main equation describing the 
change of subsidence of a point of a terrestrial sur-
face in the process of displacement (2-4). 

By the mathematical models (2-4) it’s supposed the 
formation of a flat bottom displacement trough on a 
terrestrial surface ( 0 ) by carrying out clearing 

works within one extraction site. It is recommended 
(Gavrilenko 2011) to take a time point as the end of 
the process when the current subsidence ( 0 ) reaches 

0.970.99 its final value. At such approach it is pos-
sible to consider that depth of a flat bottom displace-
ment trough ( 0 ) is equal to final displacement of a 

terrestrial surface ( к ), taken for one of main pa-

rameters of mathematical models (2-4). 
The analysis of known experimental data 

(Borzych, 1999) showed that there are mining-and-
geological conditions in which the flat bottom dis-
placement trough on a terrestrial surface isn't 
formed even by working out of several extraction 
sites. It testifies that mathematical models (2-4) ade-
quately describe processes of displacement of a ter-
restrial surface only for the greatest possible extent 
of development of clearing works after formation of 
a flat bottom displacement trough. By their use for 
forecasting of course of process it’s still unknown 
the value of final subsidence of a terrestrial surface 
( к ). The offer (Gavrilenko 2011) to define ( к ) 

according to (The rule of undermining of build-
ings… 2004) is insufficiently reasonable for the rea-
sons given earlier in work (Kulibaba 2010). Besides 
this it has been established (Filatyev 2011) that cri-
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teria of formation of a flat bottom displacement 
trough by working out of anthracitic layers signifi-
cantly differ from recommended (The rule of un-
dermining of buildings… 2004). For the specified 
reasons in this work the purpose to develop the 
scheme of subsidence of a terrestrial surface before 
achievement of its full side job during removal of a 
clearing face from the cutting furnace is set. Such 
approach will allow to open more fully features of 
course of process of displacement of a terrestrial 
surface and to predict value at any extent of devel-
opment of clearing works with removal of a clearing 
face from the cutting furnace on distance of L . 

Processes of displacement of a terrestrial surface 
are considered by mathematical model (Gavrilenko 
2011) in time for approximately identical speed of a 
moving of a clearing face. Such condition of appli-
cation of model is noted in work (Kulibaba 2010). 
The author of the model (Gavrilenko 2011) offers 
also for the description of development of process 
of displacement instead of time on abscissa axis to 
use distance concerning a projection of the line of a 
clearing face to a terrestrial surface to a supervision 
point. Use of geometrical parameters, in our opin-
ion, is more expedient as they allow coordinating 
the extent of development of clearing works, the 
change of corners of full displacements in the un-
dermining rocks and the maximum subsidence of a 
terrestrial surface. Confirmation of validity of such 
approach are also almost functional dependences of 
the maximum subsidence of a terrestrial surface 
( m ) in specific mining-and-geological conditions 

by changing of one of the geometrical amount of 
clearing development (Filatyev 2011) that is ex-
plained by constancy of thickness of developed 
layer (m), depth of carrying out works (H) and 
strength properties of undermining rocks. In the 
conditions of one mining layers, owing to the speci-
fied reasons, it is possible to apply mathematical 
dependences, both with absolute parameters, and 
with relative ones (Filatyev 2011). Relative parame-
ters ( mm / , HL / ) it is expedient to use for gen-

eralization of the results received in different min-
ing-and-geological conditions (Filatyev 2011). 

By developing the scheme of formation of trough 
parameters of displacement of a terrestrial surface 
(fig. 1) it has been used modern ideas of the geome-
chanical processes happening in undermining rocks 
by development of clearing works. They consist of 
the following: 

– the beginning of displacement of a terrestrial 
surface occurs in a point A during removal of a 
clearing face from the cutting furnace on some dis-
tance нL , which is defined by strength properties of 

rocks ( f ) and depth of carrying out works (H). The 
scheme of change of a ratio between boundary cor-
ners and corners of full displacement in process of 
development of clearing works is given in the refer-
ence (Filatyev 2010); 

– the maximum subsidence of a terrestrial surface 

( 1
m , 2

m , 3
m … i

m ) to its full undermining by lay-

ers of a flat bedding take place approximately over 
the middle of the developed space. Dependence 

)(1 Lm   is described be curve 4 (Figure 1). Final 

subsidence ( i
к ) for the concrete position of a clear-

ing face (the amount of clearing development) is 

characterized by the maximum subsidence i
m

i
к   ; 

– the full undermining of a terrestrial surface is 
observed during removal of a clearing face from the 
cutting furnace on distance more кL . In this case 

the final, most possible value of subsidence of a ter-
restrial surface ( к ) is approximately equal to depth 

of a flat bottom trough ( 0 ); 

– after formation of a flat bottom trough displace-
ment of any point on a terrestrial surface doesn't de-
pend any more on distance of its projection to the cut-
ting furnace, and is connected only with a further 
moving of a clearing face. The description of process 
of displacement of a terrestrial surface during this pe-
riod of development of clearing works completely 
corresponds to mathematical models (2-4). 

The developed scheme of trough formation of 
displacement of a terrestrial surface during removal 
of a clearing face from the cutting furnace is con-
firmed both direct measurement of some parame-
ters, and their calculation with use of experimental 
data about the processes which are caused by dis-
placement of undermined rocks and indirectly char-
acterizing their condition. 

For example, fixing distances between a clearing 
face and the cutting furnace and observing dynamics 
of methane emission in vent wells (excavations), it 
is possible to calculate the change of corners of 
unloading (full displacement). In specific conditions 
the sizes of these corners changed in process of de-
velopment of clearing works from 35 tо 65 (Anto-
shchenko 2013) that practically corresponds to their 
final values (The rule of undermining of buildings… 
2004).  

One of important points is definition of with-
drawal of a clearing face from the cutting furnace 
( нL ), by which displacement of a terrestrial surface 

begins. For specific mining-and-geological condi-
tions it can be defined, having statistically processed 
experimental data of directly proportional depend-
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ences )(1 Lm    or )/(/ 2 HLmm   . Such type 

of dependences is caused by an active stage of 
course of process of displacement of rocks during 
this period of time of clearing works. The point of 
intersection of these dependences with abscissa axis 
(A) defines required value нL . The example of such 

definition is given in the work (Antoshchenko 2012) 
when at H 97114 m value нL  made 21 m. 

The key moment for the adequate description of 
processes by means of mathematical models is es-
tablishment of a trajectory of movement of points 
with the maximum value of subsidence m  towards 

a moving of a clearing face. In the scheme offered 
by us the trajectory of movement of these points 
corresponds to a curve of 4 (Figure 1). In the 

scheme (Antipenko 2001) dependence )(1 Lm    

is accepted rectilinear. For specification of a type of 
this dependence by a method of the smallest squares 
made statistical processing of the experimental data 
known from references obtained for the last fifty 
years. The empirical dependences characterizing 
change of relative maximum subsidence of a terres-
trial surface ( mm / ), are received for different 

mining-and-geological and mining conditions. Ini-
tial grouping of basic experimental data were made 
on strength properties of containing rocks. The 
rocks containing anthracitic layers are referred to 
the strongest. The intermediate group on durability 
is represented by layers with coals of average de-
gree of a metamorphism. Less strong are rocks of 
the Western Donbass. 

 

 

Figure 1. Scheme of formation of trough parameters of displacement of a terrestrial surface during removal of a clearing 
face from the cutting furnace: H  – depth of carrying out clearing works; m  – thickness of developed layer; 1, 2, 3, … i , 
… к , … T  – the position of a clearing face at its withdrawal from the cutting furnace and trough of subsidence of a terres-
trial surface corresponding to them;  ,  – boundary corners; 0  – the corner of full displacement corresponding to the 

beginning of subsidence of a terrestrial surface, 1 , 2 , 3 ,… i  – the corners of full displacement corresponding to 1, 

2, 3, … i  – positions of a clearing face; к  – final value of a corner of full displacement, 1
m , 2

m , 3
m ,… i

m  – maxi-

mum subsidence of the terrestrial surface, corresponding to 1, 2, 3, … i  – positions of a clearing face; 4 – trajectory of 

movement of points with the maximum value of subsidence m  towards a moving of a clearing face; к – final subsi-

dence of a terrestrial surface approximately equal to depth of a flat bottom trough of displacement 0 ; нL  - distance from 

a clearing face to the cutting furnace at which displacement of a terrestrial surface begins; кL  – distance from a clearing 

face to the cutting furnace at which there is a full undermining of a terrestrial surface;   – direction of a moving of a 
clearing face. 
 

Except strength properties of containing rocks 
during processing experimental data the depth of 
carrying out works (H) and the amount of clearing 
developments were considered ( 1L , 2L ). In the 

course of experiments one of the geometrical sizes 
changed, and the second remained constant. If the 
single lava of variable length 1L was object of su-
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pervision, the change m  during removal of a clea-

ring face from the cutting furnace on a distance 2L  

was considered. By working out of several extrac-
tion sites when the full side job of a terrestrial sur-
face wasn't reached, length of an extraction column 
was invariable. In this case value m  was defined 

after discrete increase of the second size of the de-
veloped space at the size of length of the next ful-
filled lava. 

Such approach allowed receiving the empirical 
equations (1-3) considering two sizes of clearing 
development: 

– for conditions of working out of anthracitic layers 








 


H
L

H
L.exp.

.m/m
211628391

670 ;  (1) 

– by extraction of layers with coals of average 
degree of a metamorphism 
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– for the Western Donbass 








 


H
L

H
L.exp.

.m/m
2179497231

920 .  (3) 

The logistic equations of type (1-3) are usually 
used for modeling of processes of transition from 
one stable condition in another. In relation to the de-
scription of subsidence of a terrestrial surface the 
numerator characterizes the greatest possible value 

m/m . In the case under consideration it corre-

sponds to depth of a flat bottom trough of displace-
ment of a terrestrial surface at a stage of carrying 
out clearing works. Empirical coefficients of a de-
nominator define the position of a curve concerning 
abscissa axis and width of an average site (an active 
stage). Dependences (1-3) almost functionally de-
scribe processes of displacement of a terrestrial sur-
face and correspond to their physical sense at values 

503021 ..
H
L

H
L

 . Smaller values of argument 

(
H
L

H
L 21  ) characterize processes of the beginning 

of displacement of a terrestrial surface and demand 
the separate studying. 

After removal of a clearing face from the cutting 
furnace on distance кL , a site ( ТК  ) of curve 

dependence )(Lm    becomes almost parallel to 

abscissa axis (Figure 1) that testifies to formation of 
a flat bottom displacement trough. Subsidence of a 
terrestrial surface on a site between points Т   and 
Т   also is defined by only the current position ( Т ) 
of a clearing face. The distance from a projection of 
points of a terrestrial surface to the cutting furnace 
in this case has no any more practical impact on 
processes of displacement and consolidation of the 
undermined rocks. 

The developed scheme, coordinating development 
of clearing works and processes of displacement of 
a terrestrial surface, allows expanding a scope of 
mathematical modeling by means of characteristic 
points. On the basis of the carrying out researches 
the important practical conclusions have been don 
for mining science: 

– in mathematical models instead of temporary pa-
rameter more expedient is to use the geometrical sizes 
of clearing development (the developed space). It will 
allow developing the general mathematical models 
for the description of processes of displacement by 
removing of a certain group of coal layers. In this 
case it is possible to go to time factor, setting values 
of speed of a moving of a clearing face; 

– three stages of processes of displacement of a 
terrestrial surface (initial, active and attenuations) 
have the features connected with development of 
clearing works. By an incomplete side job of a ter-
restrial surface it is necessary to consider mathe-
matical models with use of the parameters charac-
terizing the geometrical sizes of clearing develop-
ments (the developed spaces). After achievement of 
a full side job processes of displacement of points of 
a terrestrial surface depend only on their position in 
relation to a clearing face; 

– for mathematical modeling it is conditionally 
possible to consider that formation of a flat bottom 
trough of displacement of a terrestrial surface is one 
of criteria of the end of processes at a stage of carry-
ing out clearing works; 

– final displacement of a terrestrial surface needs 
to be defined taking into account the sizes of earlier 
fulfilled extraction sites; 

– in the conditions of one mining layer at ap-
proximately constant values of depth of carrying out 
works, the thickness of developed layer and strength 
properties of containing rocks can be used mathe-
matical dependences both with absolute parameters, 
and with the relative ones. Relative parameters are 
recommended to be applied to generalization of the 
experimental data obtained in different mining-and-
geological conditions; 

– movement of a trajectory of points towards a 
moving of a clearing face during its removal from 
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the cutting furnace happens to the maximum value 
of subsidence of a terrestrial surface generally on 
curvilinear dependence that is confirmed by statisti-
cal processing of experimental data. The beginning 
of displacement in this case is determined by a point 
of intersection of the specified dependences on ab-
scissa axis; 

– some parameters of displacement of rocks and a 
terrestrial surface can be determined on the experi-
mental curve characterizing dynamics of gas emis-
sion from underlined sources; 

– the choice of mathematical functions for the 
adequate description of process of subsidence of a 
terrestrial surface at all stages of development of 
clearing works by means of characteristic points 
demands the further analysis and development of 
recommendations about their application in specific 
mining-and-geological conditions. 
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Changes of overburden stresses in time and  
their manifestations in seismic wave indices 

A. Antsyferov, A. Trifonov, V. Tumanov & L. Ivanov 
UkrSRMI of the NAS of Ukraine, Donets’k, Ukraine 

 
 
 
ABSTRACT: During one and a half – two months, due to the redistribution of the stress state, the energy in-
dicator of low-velocity low-frequency waves of channel nature can increase and decrease two-threefold and 
the energy indicator of high-frequency component of the refracted waves can change by a factor of four. 
 
 
Coal-producing areas are characterized by manifes-
tations of widespread geodynamic phenomena. 
Among these are rock bursts, induced earthquakes, 
ground surface subsidence and caving and others. 
Unpredictability or poor predictability leads to 
emergency and catastrophic situations. Occurrence 
of these phenomena is closely connected with the 
changes in the stress state of rocks in time. For that 
reason research into the changes in time of the stress 
state conducted in coal-producing areas is of imme-
diate interest. 

Changes in the stress state are caused by two 
main groups of factors: natural and human-induced. 
The main natural factors are recent tectonic fault 
movements, and undermining of rock mass is hu-
man-induced factor. 

Estimation of the stress-deformation state of rock 
mass based on the data of ground surface movement 
is traditionally used for long-lasting processes. Moni-
toring of geophysical fields provides information on 
the changes in the stress state during comparatively 
short time determined by months, days and hours. In 
recent times estimation of rock stresses employing 
seismic sounding techniques growths rapidly (Antsy-
ferov, Tirkel and other 2009; Trifonov, Kiseleev and 
other 2012; Trifonov, Arkhipenko and other 2010; 
Antsyferov, Trifonov and other 2009; Trifonov, 
Tirkel and other 2009; & Antsyferov, Tirkel and other 
2008 & Antsyferov, Tirkel and other 2007). Prospects 
of these techniques are specified by parametric abun-
dance of seismic waves and capability of simultane-
ous use of several types of waves with physically dif-
ferent principles of generation and propagation. 

Changes in seismic wave dynamic indices due to 
a joint impact of fault and rock mass undermining 
have been detected at the mine field of the Pok-
rovskoe Mining Unit in the Krasnoarmeisk coal 
province of the Donets Coal Basin. Surveys were 
conducted at two areas (area #1 and area #2 located 

within the overburden exposure of fault zone of the 
Kotlinsky overlap fault. The bottom of the overbur-
den lies at the depth of about 40 m. Overlap fault 
throws in the range of the first tens to the first hun-
dreds meters. Its recent activity is confirmed by 
geophysical observations conducted in combination 
with geophysical survey. Both areas are located 
within subsidence profile, closer to its axial line. 
Rock mass have been undermined down to the 
depth of 750 m for one and a half year before sur-
veying began. Taking into account that rock move-
ment has been occurring for several years, the rock 
mass under consideration is in conditions of the 
changes in the stress-deformation state. 

Sounding was conducted down to the depth of the 
overburden with the offset recording range of 60 m. 
Seismic signal generation and recording were car-
ried out in shallow (about 1.0 m) wells with multi-
ple (up to 100 times) stacking based on seismic en-
ergy excitation. Three cycles of observations were 
conducted at two mine field areas repeated in 1.5-2 
months (07.08.12; 26.09.12; 20.11.12). 

Spectra of the recorded seismic signals are shown 
in Figure 1. These spectra reflect several types of 
waves: high-intensity surface waves, refracted and 
low-velocity low-frequency waves. It is determined 
that during three cycles of observations changes in 
the spectrum of seismic signals take place. Suffi-
ciently expressed differences are typical for its high-
frequency region. At the area #1 they are confined 
to the frequency range of 50-70 Hz, and at the area 
#2 to 45-60 Hz (Figure 2). 

With regard to the sounding conditions under ex-
amination the described changes in the spectrum is 
the manifestation of high-frequency components of 
refracted waves propagating in the deep dense part 
of the overburden. It is determined that energy index 
of the spectrum high-frequency components (as the 
sum of the amplitudes of frequency components of 
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spectrum ranges) changes considerably during 
monitoring. At first (cycles 1-2) this index de-
creases, and then (cycles 1-2) increases. Its change 
takes place concurrently at two areas and achieves 
four-fold value (see Figure 2). 

Seismic signals as absolute values of the ampli-
tudes reduced by energy index of the first signal 
phase with averaging the energy index by sliding 
window method (width = 50 ms, interval = 25 ms) 
are shown in Figure 3. 
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Figure 1. Seismic signal spectra based on three cycles of observations. 
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Figure 2. High-frequency part of seismic signal spectra and energy indices based on three cycles of observations. 
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Figure 3. Seismic signals as absolute values of the amplitudes reduced by the energy index of the first signal phase with 
averaging the signal energy index in 50 ms time window and navigating the window based on the signal duration with 
25 ms interval. 
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The difference of these signals by observation cy-
cles enables us to identify three time bands: 100- 
160 ms, 300-450 ms and 500-950 ms. The first time 
band is typical for refracted waves (which propaga-
tion velocity is 400-500 m / s), the second one – for 
surface waves (150-200 m / s), and the third one – for 
low-velocity low-frequency waves (70-120 m / s). 
Energy index of the signals for three observation  
cycles based on the mentioned time bands is shown in 
Figure 4. 

We can see that in the first time band (100-160 ms) 
the energy index practically does not change, or, as at 
the area #2, changes a little (up to 20%). Therefore re-
fracted waves within their basic frequency (of the or-
der of 30 Hz) shall be considered as the less sensitive 
of the analyzed wave types. The reason for this is ap-
parently the long wavelength at this frequency (about 
15 m) at which the sensitivity of refracted waves is 
much lower that that of the examined high-frequency 
components of these waves. 
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Figure 4. The energy index of seismic signals of different time bands based on three observation cycles. 
 
The second time band is characterized by highly 

apparent increase in the energy index of the waves 
from cycles 1-2 and 3. At the area #1 this index in-
creases by half, and at the area #2 it increases two-
fold. During monitoring there was no precipitation 
that influences the propagation of surface waves. 
Therefore, taking into consideration location of the 
areas with regard to the active overlap fault and sub-
sidence profile being formed, the reason of the 
changes in the waves under examination is the re-
distribution of stress state of rock mass. 

The third time band differs by the character and 
magnitude of changes in the energy index of the 
waves with time. This index decreases at first (from 
cycle 1 to cycle 2) and then increases (from cycle 2 to 

cycle 3). Its value changes two-threefold. Such large 
range of changes in the energy index speaks for high 
sensitivity of low-velocity low-frequency waves. 
High sensitivity of these waves is specified by the 
characteristics of their propagation in conditions of 
the original seismic channel. The upper boundary of 
the channel is ground surface; the lower boundary is 
top of rocks with increased elastic parameters. In this 
case a seismic wave is generated as a result of se-
quential reflection of signals from the above bounda-
ries at the angle near to 90º at which elastic waves 
undergo small refraction. Due to such path waves 
pass a distance that exceeds the sounding base 
(source point interval/spacing) by many times and ac-
cumulate the impact of the stress state of rock mass. 
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Figure 5. Low-velocity low-frequency wavetrain in the time band of 400-600 ms at seismic records obtained based on the 
different sounding bases. 
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Low-velocity low-frequency waves as a low-
frequency wavetrain (11-18 Hz) are notably traced 
at seismic records obtained at the sounding bases of 
30 and 60 m (Figure 5). 

Amplitude levels of these waves in regard to the 
surface and refracted waves with the increase in the 
sounding base practically do not change. This fea-
ture shows that low-velocity low-frequency waves 
propagate in the seismic channel. In favor of their 
channel nature speaks also comparatively narrow 
spectrum and existence of dispersion (Figure 6). 

Hence, taking into account the mode of propaga-
tion and significant changes in the energy index we 

can consider the low-frequency waves as the most 
sensitive indicator of the changes in stress state of 
rock mass. 

It should also be stated that in spite of different 
nature of their generation the refracted and low-
velocity low-frequency waves are characterized by 
correlation of energy indices changing with obser-
vation time (see Figure 2 and 4). This fact speaks 
for physical objectivity of the employed energy in-
dex as well as the capability of using the high-
frequency components of refracted waves and low-
velocity low-frequency waves for reliable estima-
tion of the changes in the stress state of rock mass. 
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Figure 6. Seismic spectrum and frequency-wavetrain duration function for low-velocity low-frequency waves obtained at 
the sounding base of 30 m. 
 

Thus, the outcomes of the survey are as follows. 
1. Seismic sounding down to the overburden 

depth enables to detect redistribution of the stress 
state due to undermining of coal-rock mass and re-
cent fault movements. 

2. Due to the redistribution of the stress state the 
energy indicator of low-velocity low-frequency 
waves of channel nature can increase and decrease 
two-threefold and the energy indicator of high-
frequency component of the refracted waves can 
change by a factor of four. 

3. Low-velocity low-frequency waves of channel 
nature and high-frequency component of the re-
fracted waves can be used for verifiable and operat-
ing control of the current changes in the stress state 
of coal-rock mass. 
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