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Abstract: For analyzing the dependence of face equipment failure on its length, two groups of elements are com-

monly considered. The first group includes all elements of shearer-loaders: conveyor drives, elements of pumping 

stations of powered supports, supports of face junctions with strikes and others. The second group includes all ele-

ments of powered support sections, linear sections of pan lines and scrapers of face scraper conveyors, electric 

cables of shearer-loaders, main pipelines of powered supports, etc. It is noted that the constancy of number of the 

first group elements linear variability of number of the second group elements do not uniquely determine the con-

stancy or variability of the failure factor of the aggregate of the same type elements of the first   or the second   

groups [1]. The plot of mean-time-between-failures (MTBF) of SL-500S stoping complex as function of face length 

is presented. Besides, the curve of the face (complex) length-dependence of average recovery) time (after failure of 

the SL-500S stoping complex time is shown. Analyzing the dependence of availability factor of stoping complexes 

on the face length showed that the length of stoping complexes is not a factor determining decrease in the MTBF 

and increase in the average recovery time. The plot of recovery time (after failure) of the SL-500S stoping complex 

as function of face length is shown. A formula is presented for assessing the cumulative effect, on the MTBF of SL-

500S stoping complex, of its length and potash ore cuttability. The plot of correlation between the MTBF of SL-

500S stoping complex and the face length/the potash ore cuttability is presented, which demonstrates that the com-

plex length followed by the thickness of the extracted layer produce the greatest effect on the MTBF. The plot of 

the number of failures per day as a function of the maintenance factor of the SL-500C shearer-loader is presented. 

The plot demonstrates that the average number of failures of the SL-500C shearer-loader per day reaches a mini-

mum and practically stabilize at values of the maintenance factor of 0.9–1.0, which correspond to three-shift pro-

duction with one 6-hour maintenance shift per day. 

Keywords: production face, stoping complex, face equipment, running hours, failure, recovery time, correlation 

coefficient, face length, thickness of extracted layer. 

For citation: Troinich V. A., Dubovsky A. A., Vysotskaya N. A. Effect of operating factors on reliability of stop-

ing complexes and assessment of reliability of their elements. Mining Science and Technology. 2019;4(2):79-89 

(In Russ.). DOI: 10.17073/2500-0632-2019-2-79-89. 

Влияние эксплуатационных факторов на надежность очистных комплексов 

и оценка надежности их элементов 

Тройнич В. А., Дубовский А. А., Высоцкая Н. А. 

Закрытое акционерное общество «Солигорский Институт проблем ресурсосбережения с Опытным 

производством», Солигорск, Минская область, Республика Беларусь,onti@sipr.by 

Аннотация: В целях анализа зависимости на отказ забойного оборудования от его длины обычно рассмат-

риваются две группы элементов. К первой группе отнесены все элементы очистных комбайнов: приводы 

конвейеров, элементы насосных станций механизированных крепей, крепей сопряжений лавы со штреками 

и другие. Ко второй группе относятся все элементы секций механизированной крепи, линейные секции 

рештачного става и скребки забойных скребковых конвейеров, электрические кабели комбайнов, магист-

ральные трубопроводы механизированных крепей и т.п. Отмечено, что постоянство числа элементов пер-

вой группы или изменчивость по линейному закону числа элементов второй группы не определяют одно-

значно постоянство или изменчивость величины параметра потока отказов совокупности однотипных эле-

ментов первой ( cI ) или второй ( cII ) групп [1]. Представлен график зависимости времени наработки на 
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отказ очистного комплекса СЛ-500С. В общем виде представлена зависимость величины среднего времени 

восстановления комплекса от его длины. Анализ зависимости коэффициента готовности очистных ком-

плексов от длины лавы показал, что длина очистных комплексов не является фактором, определяющим 

степень снижения наработки на отказ и увеличения среднего времени восстановления. Проиллюстрирован 

график зависимости времени восстановления отказов очистного комплекса СЛ-500С от длины лавы. Пред-

ставлена формула для оценки совместного влияния на наработку на отказ очистного комплекса, его длины 

и сопротивляемости калийной руды резанию. Приведен график корреляционной связи между наработкой 

на отказ комплекса СЛ-500С от длины лавы и сопротивляемостью калийных руд резанию, из которого вид-

но, что наибольшее влияние на величину наработки на отказ очистных комплексов оказывает их длина, а 

затем и мощность вынимаемого пласта. Представлен график изменения количества отказов 

в сутки в зависимости от коэффициента технического обслуживания очистного комбайна СЛ-500С, из ко-

торого следует, что среднее количество отказов очистного комплекса СЛ-500С в сутки достигает минимума 

и практически стабилизируется при значениях коэффициента технического обслуживания 0,9–1,0, что со-

ответствует трехсменному режиму по добыче и одной 6-часовой ремонтной смене в сутки. 

Ключевые слова: очистной забой, очистной комплекс, забойное оборудование, наработка, отказ, время 

восстановления, коэффициент корреляции, длина лавы, мощность вынимаемого пласта. 

Для цитирования: Тройнич В. А., Дубовский А. А., Высоцкая Н. А. Влияние эксплуатационных факторов 

на надежность очистных комплексов и оценка надежности их элементов. Горные науки и технологии. 

2019;4(2):79-89. DOI: 10.17073/2500-0632-2019-2-79-89. 

Introduction 

Stoping mechanical equipment at potash 

mines has undergone significant quantitative and 

qualitative changes in recent years. Their devel-

opment expanded from mechanization of certain 

basic operations of mineral extraction process in 

a face to complex mechanization and automation 

of the entire technical process. Integrated me-

chanization and automation of all processes of 

potash ore mining provides for the interaction 

and simultaneous operation of various machines 

and mechanisms united in a single technological 

process. Due to availability of many components 

and sequence of the equipment operation, insuf-

ficient reliability of individual machines and me-

chanisms leads to decreasing the useful (ma-

chine) operating time of the entire longwall set 

of equipment (LSE) [2]. The failure of any of the 

mechanisms of the LSE leads, as a rule, to com-

plete stop of stoping in the face, therefore, the 

requirements for the reliability of each mechan-

ism of the LSE are significantly increased. 

Failures of stoping equipment (stoping ma-

chines, powered support, scraper conveyors) for 

the most part occurs during short-term single 

static and dynamic loading or long-term static 

loading. Fatigue failures caused by prolonged 

action of alternating-sign loads occur less fre-

quently. This is due to the fact that stoping 

equipment is subject to high loads, which leads 

to the destruction of parts under stresses exceed-

ing their endurance limit. 

The main function of stoping facilities is 

the production of potash ore with the required 

productivity, determined based on the condition 

of ensuring a given load on ta production face 

and labor productivity of workers.  

The effect of longwall face length on the 

level of reliability of longwall sets of equipment. 

Improving the mining sector and increasing the 

economic performance of potash mines is con-

nected with permanent increasing length of the 

production faces, and, consequently, the length 

of longwall sets of equipment. As changing the 

length of the stoping equipment leads to chang-

ing length of the scraper chains of conveyors, the 

number of linear sections of their pan lines and 

sections of powered supports, as well as the op-
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eration mode of various elements, the reliability 

indicators of the same type face equipment will 

not remain constant [3]. 

For analyzing the dependence of face 

equipment mean-time-between-failures (MTBF) 

T on its length L, two or three groups of elements 

are usually considered [4], namely: elements 

whose number changes stepwise with significant 

change in the length of longwall sets of equip-

ment, and elements whose number and length 

change in direct proportion to L. 

The first group includes all elements of 

shearers (with the exception of electric cables), 

conveyor drives, elements of pumping stations 

for powered support, support for longwall face 

junction with drifts and other. 

Total number of the first group elements: 

   const,
Iч

1

I 
i

iNLN   (1) 

where iN  – is the number of elements of 

the i-th type; Iч  – the number of types of ele-

ments quantity of which is independent of L. 

The second group includes all elements of 

powered support sections, linear sections of pan 

lines and scrapers of face scraper conveyors, 

electric cables of shearers, main pipelines of po-

wered support, etc. [5]. 

The number of second group elements is 

dependent on the face equipment length by ex-

pression: 

   ,
IIч

1

II 



j

j LKLN  (2) 

where jj NK   is coefficient of proportionality 

of changing total number of elements of the j-th 

type (for linear elements 1jK ); IIч  – the 

number of types of elements, quantity and length 

of which varies proportionally to L. 

It should be noted that the constancy of 

number of the first group elements, or the linear 

variability of number of the second group ele-

ments do not uniquely determine the constancy 

or variability of the failure factor for the assem-

bly of the same type elements of the first ( cI )or 

second ( cII ) groups [1]. The condition
 

constcI  ii N  will be met if consti , 

which in turn is also determined by the mode of 

operation of the elements, which may deteri-

orate, improve, or remain unchanged with the 

growth of L [6]. 

The loading modes of the elements of 

shearers, with neglect of certain change in the 

their work dynamics can be considered practical-

ly independent of L, that is, in this case the con-

dition constcI  ii N  is met. The value of 

the sudden failure factor of shearer electric 

cables normalized to 1 linear meter is also inde-

pendent of L [7]. But due to the fact that the 

length of such elements varies in direct propor-

tion to L, the failure factor for a combination of 

such elements is function of L, that is LjcII

. The magnitude of the load of traction chains 

and drives of face scraper conveyors increases 

with growth of L, therefore, for the former, 

 LjcII , and for the latter,   jj NLcII . 

With growth of L, the duration of the load on the 

elements of the powered support sections, which 

ensures operation of the roof-supporting sec-

tions, will increase. For this case, 

  LNL jj cII . 

For elements of cyclic action, when 

the number of working cycles per unit time of 

effective operation of the longwall set of equip-

ment [8] is inversely proportional to L, and the 

total number of elements increases in direct pro-

portion to L, the failure factor of the aggregate of 

the same type elements remains unchanged. For 

example, the value c  for back-flow valves of 



 

MINING MACHINERY, TRANSPORT, AND MECHANICAL ENGINEERING 82 

the support valve of a hydraulic prop, 

the sections of which move after the shearer pas-

sage, does not depend on L and is equal to ex-

pression 

 NL
Ln

V


пер

п
c

60
, (3) 

where Vп is the shearer axis velocity, m/min;   

L – face length, m;  

перn  – MTBF of back-flow valve, meas-

ured by the number of movements of the support 

sections;  

N – the number of elements per 1 linear 

meter of the longwall set of equipment length. 

In the general case, one can imagine 

  
 

,
1
ч

1

с

ч

1

с 








j

j

i

i L

LT   (4) 

where iс  and jс  are the values of the failure 

factors for the assembly of elements of the i-th or 

j-th structural types;  

ч – the number of types of elements for 

which constс  i ;  

jс – the number of types of elements for 

which  Lj с . 

In this case, it is understood that the iс  

and jс  values are constant in time t.  

The task of determining quantitative de-

pendencies  LT  for different types of face 

equipment systems was solved using correlation 

analysis. The obtained empirical dependences for 

longwall sets of equipment with narrow-web 

shearers for layer-by-layer and bulk (Fig. 1) ex-

traction are described by the hyperbole equation 

of the form [9], min, 

   в.





CL
LT  (5) 

The values of indicators a, в and C (Ta-

ble 1) were obtained by the algorithm and the 

computer program. 

 

Fig. 1. Mean-time-between-failures of SL-500S stoping complex as function of face length 

Table 1 

Parameters of formula (5) and the correlation coefficient reliability indicators  

Face equipment 
Measurement 

limits L, m 

Parameter value 
Correlation ratio r 

Reliability of cor-

relation ratio μ α в С 

SL-500S 150…250 1070 28 118 0.73 10.4 

 

  

T, min 

L, m 
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The values of the obtained correlation ra-

tios given in Table 1 indicate good correlation 

between T and L. 

According to Lyapunov's theorem [3, 4], if 

3 , it can be argued that the relationship be-

tween the studied quantities is reliable and the 

T(L) dependence is objective. 

To establish the nature of the dependence 

of the average recovery time of a longwall set of 

equipment on its length, it is also advisable to 

consider two types of failures, the duration of the 

elimination of which does not depend on L. The 

time for eliminating failures of the end elements 

of longwall set of equipment on the side of the 

stoping face, where the repairman (duty wire-

man) is usually located, does not depend on the 

length [10, 11]. The time for eliminating failures 

of the longwall set of equipment elements, when 

no spare parts or special tools are required, also 

practically does not depend on L. This may in-

clude failures such as "a shearer – conveyor mi-

salignment", "tilt" and "skew" of a support sec-

tion. Such failures are usually eliminated by the 

stoping face workers, or they are liquidated 

without waiting for the repairman to arrive. 

In general terms, the dependence of the av-

erage recovery time of a longwall set of equip-

ment on its length is given by 

 
 

,
1

в

1

поств

1

в

в

ji

n

j

j

n

j

j

n

i

i

nn

Lttt

LT

jji










 (6) 

where itв – is the time of eliminating the i-th fail-

ure, when the time is independent of L; 

поствjt – a constant component of the failure 

eliminating time, when the time depends on L; 

 Lt jв – the variable component of the j-th 

failure eliminating time;   

in , jn – the total number of failures of the 

i-th and j-th types. 

The constant component of the j- th failure 

eliminating time поствjt  includes the time of repair 

or replacement of an element, as well as the time 

spent on testing equipment after the repair and 

downtime for organizational reasons. 

The variable component  Lt jв  takes into 

account the time spent on failure detection, con-

sisting of the time the repairman moves along the 

face and the failure search, and the time for the 

necessary spare part delivery. Changing the vari-

able component of the j-type failure elimination 

time is described by the following expression: 

   ,в

раб

в LtL
V

Lt jj 


  (7) 

where рабV  – the average repairman velocity of 

travel along the face;   

 Lt jв  – additional time for the spare part 

delivery, not combined with the repairman trav-

eling;  

  – coefficient taking into account the 

most probable way of the repairman traveling. 

For existing longwall sets of equipment, 

for the face equipment element failure elimina-

tion, the value   can be taken equal to 0.5. 

Experimental studies have shown that for 

longwall set of equipment the dependence of the 

average recovery time on the longwall face 

length is rectilinear (Fig. 2), min, 

 .в eLT    (8) 

The values of α and e parameters in formu-

la (8) for the investigated types of the face 

equipment, as well as the obtained values of the 

correlation coefficients r and reliability indica-

tors of the correlation coefficients μ are shown in 

Table 2. 
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Table 2 

Parameters of formula (8) and the correlation coefficient reliability indicators 

Face equipment 
Measurement 

limits L, m 

Parameter value 
Correlation 

coefficient r 

Correlation 

coefficient reliability 

μ 
α e 

SL-500S 150…250 −22 0.31 0.53 3.7 

 

 

Fig. 2. SL-500S stoping complex recovery time (Tв) (after failure) as function of face length (L) 

 

 

Decreasing the MTBF and an increasing 

the average recovery time with growth of L re-

sults in decreasing the availability factor (9), as 

 
 

   
.

LTLT

LT
LK r

в
  (9) 

An analysis of the dependence of the avail-

ability factor of longwall sets of equipment on 

the face length showed that the LSE length is not 

a factor that uniquely determines the degree de-

creasing the MTBF and increasing the average 

recovery time. 

Influence of potash ore cuttability and 

layer thickness on the face equipment reliability. 

When extracting potash ore by longwall set 

of equipment, the main factor restraining 

the production development is rock cuttability 

А , kN/m [13]. 

Using the pair correlation method allowed 

determining a relationship between the MTBF 

and the average recovery time of face equipment 

on the one hand, and individual mining, geo-

technical, and geological factors on the other 

hand. 

To determine the joint effect of a number 

of factors on one dependent variable, the mul-

tiple correlation method was used, which makes 

it possible to identify the joint effect of a combi-

nation of the listed factors on face equipment 

reliability, to separate the major factors from the 

minor ones, and to determine the contribution of 

different factors in the formation of reliability 

indicators. 

The SL-500S longwall set of equipment 

factors variation limits, their average values, and 

standard deviations are given in Table 3. 

The joint effect of a longwall set of equip-

ment length and potash ore cuttability on the 

MTBF is estimated by formula, min, 

,59
75

220017100





AL
T  (10) 

at 0,065;0,65 A,L,TR
, , T L АR = 0,65 0,065; 

;420,d  .6,9  

  

Tв, min 

L, m 
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Table 3 

Determination of the SL-500S stoping complex factors variation limits 

Factor description UoM Average factor value 
Factor variation 

range 

Face length Lл, m 150 126–250 33 

Potash ore cuttability А, kN/m 265 128–196 20 

 

 

 

Fig. 3. Correlation between the mean-time-between-failures of SL-500S stoping complex and the face length/the potash 

ore cuttability 

 

The high values of the multiple correlation 

coefficients R and the determination coefficients 

d in the equations indicate that the major factors 

that influence the MTBF of the considered types 

of face equipment are taken into account and the 

relationship T with mining, geotechnical, and 

geological conditions of LSE operation are effec-

tively reflected [14]. 

To determine the degree of influence of 

each of the considered factors on the MTBF of 

the SL-500S longwall set of equipment based on 

correlation equations (10), specific correlation 

equations of the relationship between the studied 

attributes were found [15]. At average values of 

the arguments (attributes) listed in Table 3, the 

specific equations for the SL-500S LSE are as 

follows, min, 

  ,10
93

3050





L
LT  (11) 

  .12
80

2100





A
AT  (12) 

The graphs constructed based on equations 

(11), (12) are shown in Fig. 3. 

The graph obviously demonstrates that the 

LSE length followed by the thickness of the ex-

tracted layer produce the greatest effect on the 

MTBF. 

The joint influence of the considered fac-

tors on the average recovery time for 

the SL-500S LSE is characterized by correlation 

equations, min, 

,1233,0в  mLT  (13) 

at ;14,065,0 ...R  ;2,6  .2,40d  

From equation (13), specific correlation 

equations can be obtained, which have the fol-

lowing form for the SL-500S LSE, min, 

  ,163,0в  LLT  (14) 

  .2366в mmT   (15) 

An analysis of equations (14), (15) shows 

that, same to the case of MTBF, the face length 

is the factor that has the most significant effect 

T, min 

L, m 

T(L,m) SL-500S 
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on the average recovery time of the face equip-

ment. 

Influence of a stoping face operation con-

dition on reliability of the face equipment.  

It was found that the probability of failure-

free operation of a LSE decreases with increas-

ing intermaintenance period. In [16], it is indi-

cated that the number of gradual failures of the 

face equipment is significantly affected by the 

intermaintenance period and the labor input of a 

maintenance team (man-hour). The probability 

of wear-out failures at different maintenance 

team man-hour values and maintenance frequen-

cy for the SL-500S longwall set of equipment 

can be assessed using the data given in Table 4. 

Processing of statistical data for 

the SL-500S LSE made it possible to obtain a 

maintenance factor Kто 
and determine the num-

ber of failures [17] that occur for a day, the anal-

ysis of which showed that the stoping face opera-

tion condition/mode significantly affects the LSE 

reliability. 

The correlation equation for the relation-

ship between the number of failures per day nсут 

and the factor Kто value is given by: 

,6,0
50

1,5

то

сут 



,K

n  (16) 

at 1,22;0то K 0,74;r 8,3  and mainten-

ance labor input equal to 18–24 man-hour. 

The number of failures per day as function 

of maintenance factor of SL-500S longwall set 

of equipment is shown in Fig. 4. 

Table 4 

Probability of wear-out failures at different maintenance man-hour values and maintenance frequency for the 

SL-500S stoping complex 

Maintenance team 

labour input, man-

hours 

Probability of wear-out failures during intermaintenance period tмр, h 

18 42 66 144 

18 0.030 0.080 0.145 0.495 

30 0.010 0.035 0.095 0.245 

42 0.001 0.010 0.020 0.115 

 

 

 

 

Fig. 4. Number of failures per day as function of maintenance factor of SL-500S stoping complex 

  

n, days 

Kто 
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The graph in Fig. 4 demonstrates that the aver-

age number of failures of the SL-500S LSE per day 

reaches a minimum and practically stabilizes at values 

of the maintenance factor Kто = 0.9 – 1.0 that corres-

pond to three-shift production mode with one 6-hour 

maintenance shift per day. The studies allowed estab-

lishing that for different types of face equipment there 

exist a limit of increasing the average intermainten-

ance period at the expense of increasing the mainten-

ance team labor input (man-hour). This limit depends 

on complexity of the equipment used [18, 19]. 

Conclusion 

Among the mining and geological factors, 

the most significant impact on LSE shearer fault-

less performance is produced by the potash ore 

cuttability, and on reliability of the LSE as a 

whole, by the thickness. Increasing these para-

meters results in decreasing the face equipment 

MTBF. The average face equipment recovery 

time decreases with increasing the layer thick-

ness. 

The change in the failure factor of complex 

face equipment depending on its mechanical life 

is characterized in the general case by a sequence 

of typical diagrams with increasing value of the 

failure factor in stationary sections. 

Analyzing the dependence of availability 

factor of longwall set of equipment on the face 

length showed that the LSE length is not a factor 

determining decrease in the MTBF and increase 

in the average recovery time [20]. 

The studies allowed establishing that for 

different types of face equipment there exists a 

limit of increasing the average intermaintenance 

period at the expense of increasing the mainten-

ance team labor input (man-hour). 
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Abstract: Intensification of coal mining from mine seams of 0.55–1.20 m thick requires increasing efficiency of 

loose coal loading that may be achieved by selecting the optimal parameters of auger operating device of a shearer. 

The most reliable way to determine effect of the auger parameters on the energy parameters of the shearer operation 

is experimental research in actual operating conditions. As the subjects of the research, we selected up-to-date 

UKD400 and UKD200-500 shearers, operating in representative conditions of the Krasny Partizan mine of SE 

SVERDLOVANTRATSIT and Ternovskaya mine of DTEK PAVLOGRADUGOL PJSC. An adaptive method for 

specific mining operating conditions is proposed for determining the specific energy consumption of the shearers on 

material disruption and loading for thin seams in actual operating conditions based on fixing the values of currents 

of the cutting drive motors. Based on processing of the experimental data, an indicative dependence of the power 

for rock mass loading on the feed rate and the effective width of the operating device is determined. Increasing the 

auger effective width results in increasing the loading power and specific energy consumption. At the same time, 

the higher the shearer feed rate, the greater the growth of the loading power and specific energy consumption. This 

is due to the beginning of the process of loose rock mass circulation, and the larger the auger effective width, the 

more intensive the circulation process, and at the lower feed rate of the shearer the process starts. A method is pro-

posed for selecting the auger optimum effective width based on the criteria of minimum specific energy consump-

tion and maximum commercial productivity. 

Keywords: shearer, auger operating device, productivity, shearer feed rate, specific energy consumption, loading 

power, effective width. 
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Экспериментальные исследования влияния ширины захвата 

шнекового исполнительного органа комбайна 

на эффективность процесса погрузки 
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Аннотация: Интенсификация добычи угля из шахтопластов мощностью 0,55–1,20 м требует повышения 

эффективности процесса погрузки разрушенного угля, что может быть обеспечено путем выбора опти-

мальных параметров шнекового исполнительного органа очистного комбайна. Наиболее достоверным спо-

собом установления влияния параметров шнека на энергетические параметры работы очистного комбайна 

являются экспериментальные исследования в реальных условиях эксплуатации. Объектами исследования 

выбраны очистные комбайны нового технического уровня УКД400 и УКД200-500, эксплуатирующиеся в 

представительных условиях шахт «Красный партизан» ГП «СВЕРДЛОВАНТРАЦИТ» и «Терновская» ПАО 

«ДТЭК ПАВЛОГРАДУГОЛЬ» соответственно. Предложена адаптивная под горнотехнические условия ра-

боты методика определения удельных энергозатрат разрушения и погрузки очистных комбайнов для тон-

ких пластов в реальных условиях эксплуатации на основе фиксации значений токов двигателей приводов 
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резания. После обработки экспериментальных данных установлена зависимость мощности на погрузку 

горной массы от скорости подачи и ширины захвата исполнительного органа показательного вида. С уве-

личением ширины захвата шнека мощность и удельные энергозатраты на погрузку возрастают тем интен-

сивнее, чем выше скорость подачи очистного комбайна. Это обусловлено началом процесса циркуляции 

разрушенной горной массы, при этом, чем больше ширина захвата шнека, тем процесс циркуляции интен-

сивнее и наступает при меньших значениях скорости подачи очистного комбайна. Предложен метод выбо-

ра рациональной ширины захвата шнека по критериям минимальных удельных энергозатрат и максималь-

ной технической производительности. 

Ключевые слова: очистной комбайн, шнековый исполнительный орган, производительность, скорость 

подачи комбайна, удельные энергозатраты, мощность на погрузку, ширина захвата. 

Для цитирования: Шабаев О. Е., Зинченко П. П., Мезников А. В. Экспериментальные исследования влия-

ния ширины захвата шнекового исполнительного органа комбайна на эффективность процесса погрузки. 

Горные науки и технологии. 2019;4(2):90-102. DOI: 10.17073/2500-0632-2019-2-90-102. 

Articulation of issue 

The main energy resource of the Donetsk 

region is coal, whose reserves, according to the 

DonUGI, are about 6.84 billion tons. The bulk of 

these reserves (about 83.2 %) is concentrated in 

seams 0.55–1.2 m thick [1]. 

Almost all of the Donbass coal seams have 

adverse mining & geological and geotechnical 

conditions and mode of occurrence. They are 

characterized by variable hypsometry, the pres-

ence of rock partings and solid inclusions in a 

coal mass [1]. These factors almost completely 

exclude the possibility of coal extraction using 

plow and modular complexes that leads to wide-

spread use of shearers with auger operating de-

vices as parts of powered complexes [1–5]. All 

of the above suggests the need for researches in 

the field of design and construction of shearers 

of a new generation, capable of working effec-

tively in conditions of thin shallow seams. 

The process of coal mining from seams 

0.55–1.2 m thick by shearers can be described as 

highly energy-intensive [2–3]. This is due to the 

low loading capacity of the auger operating de-

vices, which limits the shearer axis velocity 

within 2–5 m/min and as a result leads to low 

productivity of the shearer [2–3]. Intensification 

of coal mining from mine seams 0.55–1.2 m 

thick requires increasing efficiency of loosened 

coal loading that may be achieved by selecting 

the optimal parameters of auger operating device 

of a shearer. 

Review of researches and publications 

The issue of creating highly efficient  stop-

ing equipment was studied by many scientists 

[2–22]. The issues considered in [2, 3] relate to 

the design of narrow-web shearers operating in 

conditions of thin shallow seams extraction. In 

[4], the principles of designing the shearer travel-

ing mechanisms are described. In work [5], the 

general tasks and principles of designing and 

engineering of mining machines and complexes 

of a new technical level are given. It was found 

[6–13] that auger operating devices, used in 

shearers for extracting thin and very thin seams, 

have greater breaking-down productivity than 

loosened rock mass loading productivity. The 

authors of works [14–22] were engaged in solv-

ing the problem of optimizing the loading 

process with auger operating devices based on 
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determining the rational values of the geometric 

parameters of the augers and operating parame-

ters of the shearer. The works [23–26] are aimed 

at solving the problems of automation of coal 

mining by shearers. In [27–36], an experience 

was described in the use of pulsed jets of a work-

ing fluid for breaking-down of a rock mass. 

However, there is no reliable data on the regular-

ities of changing the energy parameters of a 

shearer operation when extracting thin shallow 

seams depending on the auger operating device 

width. The most reliable way to obtain the actual 

values of the energy parameters of the stoping 

equipment operation is experimental study in 

actual operating conditions. 

The research aim (tasks) 

Thus, the aim of this study is to determine 

regularities of effect of the auger operating de-

vice parameters on coal loading energy perfor-

mance when extracting thin shallow seams. 

The experiment description and findings 

As the subjects of the study, up-to-date 

drum shearers UKD400 and UKD200-500 were 

selected, operating in representative conditions 

of the Krasny Partizan mine of the SE SVER-

DLOVANTRATSIT (Dolzhansky k
1

5 seam) and 

Ternovskaya mine of DTEK PAVLOGRADU-

GOL PJSC (С
В

5 seam). Summary on technical 

specifications of the considered shearers are giv-

en in Table 1. 

In Fig. 1, breaking-down schematics and 

seam structures in conditions of the experimental 

studies of UKD400 and UKD200-500 shearers 

operation are shown. 

 

 

Fig. 1. Schematics of rock mass loosening by UKD400 (a) and UKD200-500 (b) shearers 

Rock mass 

Rock mass 

Coal 

Coal 

a) 

b) 
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Table 1 

Technical specifications of the considered shearers 

Parameter 
Shearer type 

UKD400 UKD200-500 

Type of motor of operating device drive EKV4-200V SG7W490L-4 

Rated power of cutting drives Pном, kW 2×200 2×250 

Motor rated current Iном, А 129 155 

Power factor cos φ, relative units 0.837 0.880 

Operating device diameter Dио, m 0.9 

Cut (web) width Bз, m 0.7 0.8 

Auger blade angle of lead (by blade) αп, degrees 15°38ʹ 13°54ʹ 

Auger angular rate ω, sec
−1

 8.17 8.31 

 

 

 

Fig. 2. A fragment of recording the values of motor currents of leading (Iопер) and lagging (Iотст) 

behind drives of UKD400 shearer operating devices 

 

 

Table 2 

Data of the experimental studies of UKD400 and UKD200-500 shearers operation 

Parameter Shearer type 

UKD400 UKD200-500 

Discretization interval Δt, sec 0.05 0.2 

Number of sections n 3 4 

Measured section length l, m 1.5 6.0 7.5 

Time of passing a measured section length tj, min 0.400 0.330 0.283 1.500 1.800 1.700 1.180 

Axis velocity Vn, m/min 3.75 4.50 5.30 4.00 4.20 4.40 6.40 

The value of the electric motor off-load current according to 

the experimental data Iхол.ход, А 
45 65 

The average value (for the measuring period) of the current 

of the leading operating device motor Iср.опер, А 
73.6 129.5 114.2 166.1 190.1 183.2 190.9 

The average value (for the measuring period) of the current 

of the lagging operating device motor Iср.отст, А 
50.1 64.0 57.9 7.9 10.1 9.3 7.3 

 

 

 

t, sec 

I,
 A

 

Iопер 

Iотст 
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According to [41], the load on the shearer 

operating devices is determined taking into ac-

count the coal cuttability. Therefore, hardness 

factors of a rock mass to be broken down (cut) 

were brought to pA  value based on the data pre-

sented in [1, 37]. 

The weighted average value of coal cutta-

bility when cutting by each k-th operating de-

vice, kN/m, 

ио.

1
,р

k

m

i

ii

k
H

HA

A

k


 , 

where iA , iH  – coal cuttability and thickness of 

the i-th member of rock mass cut by the k-th au-

ger operating device; 

ио.kH  – the extracted thickness of rock 

mass cut by the k-th auger; 

km  – the number of members cut by the k-

th auger operating device. 

In the course of experimental studies of the 

shearer operation, the average current values of 

the electric motors of each shearer cutting drive 

in increments t  were recorded using a multi-

channel energy quality recorder-analyzer [38]. 

The face was conditionally divided into n  sec-

tions differing in length l m. At the same time, 

the time of the passage of each section jt  was 

recorded, sec ( nj ...1 ). 

As an example, Figure 2 shows a fragment 

of recording the values of the UKD400 shearer 

auger operating device drive currents when pass-

ing a face section 1.5 m long at a speed 

of 4.5 m/min. 

The results of preliminary processing of 

the experimental research data are given 

in Table 2. 

Shearers of a new technical level have an 

individual motor for each operating device drive. 

Then, according to the methodology proposed 

in [39], the actual value of the power of cutting 

and loading of rock mass on each k-th operating 

device drive motor can be determined from the 

expression, kW: 

cos
ном

хол.ход.ср

ном
I

II
РP

k

k


 . 

According to the operating conditions of 

shearers with auger operating device for thin 

shallow seams, the leading auger cuts a coal 

member adjacent to the seam bottom and loads 

the broken-down mass, while the lagging auger 

performs mainly the function of cutting the re-

maining coal member (Fig. 1). With this in mind, 

the value of the cutting power on the leading au-

ger рез.оперР  can be determined based on the pow-

er values on the lagging auger отст.Р  taking into 

account cutting the coal mass of different aver-

age coal cuttability, the factors of coverage of 

auger face and decreasing stability of the coal 

mass, kW: 

р.опер.иоохвосл

р.отст.иоотст.

рез.опер
Akk

AР
Р

.

 , 

where ослk  – factor of decreasing stability of coal 

mass; охв.k  – factor of coverage of auger face. 

Then the value of the loading power on the 

leading operating device погр.оперР  can be found 

from the expression, kW: 

рез.опероперпогр.опер РРР  ,  

Determining the value of specific energy 

consumption requires determining the actual 

productivity on the extraction for the period un-

der consideration. The performance of the k-th 

operating device can be determined from the ex-

pression, t/min: 

ρпзио. VВHQ kk  ,  

where зВ  – cut width of the shearer operating 

device, m; 
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пV  – axis velocity of the shearer, m/min; 

  – coal density, t/m
3
. 

With this in mind, the value of specific 

energy consumption at the k-th auger can be de-

termined as, kWh/t: 






пзионом

хол.ходср.ном

60

 )cos(

VВHI

IIP
W

.k

k

k
. 

Based on the above-mentioned features of 

the modern shearer operation flow sheet for ex-

tracting thin seams, the cutting specific energy 

consumption at the lagging auger can be deter-

mined as, kWh/t, 

р.опер.иоослохв.

р.отст.иоотст

разр
Akk

AW
W



 ,  

and the cutting specific energy consumption at 

the leading auger погрW  can be determined as, 

kWh/t, 

60опер

погр.опер

разроперпогр



Q

P
WWW . 

The performance parameters of the 

UKD400 and UKD200-500 shearers obtained 

based on processing of the experimental study 

data are given in Table 3. 

Based on the data presented in Table 3 re-

gression equations were obtained for determin-

ing the power for loading ( 91.02 РпогR ) of the 

studied shearers, kW: 

пз619,0

ззппог 612,3),(
VВ

еВВVР  . 

A plot of power and specific energy con-

sumption for loading as function of operating 

device effective width and axis velocity of the 

shearers under consideration is presented in 

Fig. 3. 

The analysis of the given dependences 

(Fig. 3) shows that the loading power and specif-

ic energy consumption increase with increasing 

the auger effective width in line with increasing 

the shearer axis velocity: the higher the velocity, 

the higher the power and specific energy con-

sumption. For instance, at 4пV  m/min, in-

creasing the auger effective width of the execu-

tive body from 0.7 to 0.8 m leads to increasing 

the power from 14 to 21 kW, i.e. 1.5 times, and 

the loading specific energy consumption from 

0.07 to 0.09 kWh/ t, i.e. 1.3 times. Achieving the 

axis velocity of 6пV m/min leads to increasing 

the power from 34 to 56 kW, i.e. 1.7 times, and 

the loading specific energy consumption from 

0.11 to 0.16 kWh/t, i.e. 1.5 times. This is due to 

the beginning of the process of loose rock mass 

circulation, and the larger the auger effective 

width, the more intensive the circulation process, 

and at the lower axis velocity of the shearer the 

process starts. 

Table 3 

The findings of processing of the experimental data on UKD400 and UKD200-500 shearers operation 

Parameter 
Shearer type 

UKD400 UKD200-500 

Axis velocity, m/min 3.75 4.5 5.3 4.0 4.2 4.4 6.4 

Productivity, t/min:        

leading auger 3.307 3.969 4.675 4.032 4.234 4.435 6.451 

lagging auger 1.139 1.367 1.61 0.672 0.706 0.739 1.075 

Specific energy consumption, kWh/t:
 

       

leading auger 0.187 0.461 0.320 0.593 0.699 0.63 0.462 

lagging auger 0.125 0.390 0.227 0.506 0.613 0.537 0.290 

for rock mass loading 0.062 0.071 0.093 0.087 0.086 0.093 0.172 

Power for loading, kW 12.28 16.73 26.19 21.14 21.92 24.77 66.39 
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Fig. 3. Plot of power and specific energy consumption for loading as function of operating device effective width 

and feed rate 

 

To assess the effect of the auger operating 

device effective width on the efficiency of the 

shearer operation in thin seams, a nomogram was 

built based on the proposed methodology [39] 

(Fig. 4). The nomogram was built for the follow-

ing mining & geological and geotechnical condi-

tions: the average thickness of the extracted 

seam of 1.0 m; the longwall face 200 m long; 

density of the coal to be cut of 1.41 t/m
3
; coal 

cuttability in an uncompressed mass of 220 

kN/m; the seam brittleness factor when cutting 

of 1.65. Arrangement of the cutter set of 

UKD200-500 shearer was adopted and adjusted 

taking into account the effective width. 

Figure 4 presents the graphs of following 

dependencies: cutting and loading power of the 

leading auger operating device Р , obtained us-

ing the regression dependencies for loading 

and [40] for cutting, versus the axis veloci-

ty (Vn); the specific energy consumption for cut-

ting and loading at the leading auger operating 

device W , defined as the ratio of the cutting and 

loading power on the leading auger to its theoret-

ical productivity, versus the axis velocity (Vn); 

the technical performance техQ  versus the axis 

velocity (Vn). 

Based on the analysis of a new-level shear-

er fleet designed for coal extraction from thin 

gently sloping seams, the cutting drive power is 

at the level of 200 kW, that, taking into account 

the efficiency of the auger operating device drive 

gear unit, means about 160 kW at the auger. 

Based on the adopted power value at the 

shearer auger operating device, using the nomo-

gram enabled determining the optimal values 

of the auger effective width, which are in the 

range of 0.6–0.7 m, providing maximum perfor-

mance with minimal specific energy consump-

tion (compared to larger effective values, de-

creasing the specific energy consumption is 

about 15–30 %). 

Vn, m/min 

P
п

о
г
, 

k
W

 

W
п

о
г
, 

k
W

h
/t

 

1. Wпог if Bз = 0.8 m; 

2. Wпог if Bз = 0.7 m; 

3. Wпог if Bз = 0.6 m; 

4. Pпог if Bз = 0.8 m; 

5. Pпог if Bз = 0.7 m; 

6. Pпог if Bз = 0.6 m; 
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Fig. 4. The findings of processing of the experimental data on UKD400 and UKD200-500 shearers operation 

 

W, kW/h 

P, kW 

Qтех, t/h 

Vn, m/min 
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Thus, it seems expedient to determine the 

optimal values of the auger effective width based 

on the criterion of the minimum energy parame-

ters of a shearer operation for specific mining & 

geological and geotechnical conditions, that will 

significantly improve the efficiency of shearer 

with the auger operating device operation for 

extracting thin gently sloping seams, taking into 

account possible limiting factors for shearer tra-

vel speed. 

Conclusions and direction of further re-

search 

1. An adaptive method for specific mining 

and geological operating conditions is proposed 

for determining the specific energy consumption 

of shearers on cutting and loading for thin seams 

in actual operating conditions based on fixing the 

values of currents of the cutting drive motors.  

2. Processing of the experimental study 

data on the operation of UKD400 and 

UKD200-500 shearers in representative condi-

tions enabled obtaining a dependence of the form 

пЗВ6190

ЗЗппог В6123В
V.

е.),V(Р


  of the power 

for rock mass loading on the axis velocity and 

the effective width of the operating device. In-

creasing the auger effective width leads to in-

creasing the loading power and specific energy 

consumption. In this case the higher the shearer 

axis velocity, the greater the growth of the load-

ing power and specific energy consumption. This 

is due to beginning of the process of loose rock 

mass circulation, and the larger the auger effec-

tive width, the more intensive the circulation 

process and the lower the shearer axis velocity at 

which the process starts.  

3. It was found that the specific energy 

consumption for coal cutting and loading by the 

auger operating device can be significantly re-

duced by selecting a rational auger effective 

width for the mining & geological and geotect-

nical conditions under consideration, while 

maintaining the preset technical performance. 
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Abstract: Rock burst represents a very dangerous phenomenon in deep underground mining, as well as for under-

ground structures in unfavourable conditions (great depth, high horizontal stress, proximity of major tectonic struc-

tures, etc.). The rock burst problem relates to the natural and mining conditions of the rock mass. The evaluation of 

rock burst is becoming increasingly important as mining activities reach greater depths. In the literature, rock burst 

assessment challenge was tackled by many researchers using various methods. However, no study providing review 

and comparison of different rock burst assessment methods is available. In this paper, rock burst classification is 

briefly summarized. This includes a classification based on rock burst type, and another classification based on 

rock burst severity. As an important method for rock burst prevention, some novel energy-absorbing bolts were 

developed. These bolts demonstrate constant resistance under both static and shock loads and large elongation 

ability enabling them to withstand large deformations of rock masses under rock burst-prone conditions. Among 

the novel energy absorbing bolts, Modified Cone Bolt (MCB) and Constant Resistance at Large Deformation 

(CRLD) Bolt are selected to be presented in this paper. 
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Аннотация: Горный удар представляет собой очень опасное явление при подземных горных работах на 

больших глубинах, а также для подземных сооружений в неблагоприятных условиях (большие глубины, 

высокие горизонтальные напряжения, близость крупных разломов и т. д.). Проблема горного удара связана 

с природными и горнотехническими условиями горного массива. Оценка горного удара становится все бо-

лее важной, поскольку горные работы достигают всѐ больших и больших глубин. В литературе попытки 

решения проблемы оценки горных ударов предпринимались многими исследователями с использованием 

различных методов. Тем не менее до сих пор не представлено исследование, которое рассматривало бы и 

сравнивало различные методы оценки горных ударов. В этой статье кратко изложена классификация гор-

ных ударов. Предлагаемый подход включает классификацию, основанную на типах горных ударов, а также 

учитывающую степень тяжести последствий горного удара. В качестве важного подхода к предотвращению 

горного удара были разработаны новые энергопоглощающие анкеры, которые демонстрируют постоянное 

сопротивление как при статических, так и при ударных нагрузках, и обладают большой способностью к уд-

линению, позволяющей выдерживать значительные деформации массивов горных пород. Для представле-

ния в этой статье выбраны два таких новых энергопоглощающих анкера, а именно: модифицированный ко-

нусный анкер (МКА) и анкер с постоянным сопротивлением при большой деформации (ПСБД). 
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1. Introduction 

Rock burst is an unstable rock failure and 

one of the most hazardous problems in deep 

mines and civil tunnels. It is a sudden failure of 

rock in the form of rapid ejection of failed rocks, 

accompanied by the release of a large amount of 

energy [1]. Rock burst frequently occurs at exca-

vation faces or in a working panel of an under-

ground excavation at great depth. It can cause 

mechanical damage, delays of projects, and eco-

nomic losses. As an example, hundreds of rock 

bursts occurred during the construction of the 

extra-long seven tunnels at the Jinping II hydro-

power station in China. On 28 November 2009, 

an extremely severe rock burst caused seven 

deaths and one injury, as well as total destruction 

of a tunnel boring machine 

(TBM) [2]. 

In the latest years, rock burst phenomena 

have been investigated by many researchers 

through theoretical, numerical, and experimental 

approaches [3]. Due to the complex nature of 

rock burst phenomenon, precise rock burst pre-

diction is rather difficult. Since Cook et al. 

(1966) first proposed the method for evaluating 

the rock burst in mining conditions, a variety of 

methods, either elaborated or simplified, ranging 

from empirical to theoretical and mathematical 

approaches for predicting rock burst potential 

have been developed in the past few decades. 

However, due to the complexity of rock burst 

assessment systems, including multivariable and 

strong interference, there is no universally ac-

cepted method to predict the moment of rock 

burst, and the best we can achieve today 

is to identify rock burst hazard areas using em-

pirical criteria, numerical models or personal ex-

perience [4]. 

In addition to understanding rock burst 

mechanisms, controlling rock burst damage is 

important for providing safety of mining opera-

tions and underground structures. Rock support 

using bolts and anchors, providing fractured rock 

reinforcement and retaining, is an efficient 

measure for rock burst control in underground 

mining [5]. Researchers worldwide have devel-

oped some dynamic rockbolts [6, 7]. The MCB 

conebolt developed in Canada has been success-

fully used in Canadian hard rock mines and in 

some other countries. The "constant resistance at 

large deformation (CRLD)" bolt, developed by 

the State Key Laboratory for Geo-mechanics and 

Deep Underground Engineering at China Uni-

versity of Mining and Technology, Beijing 

(GDUE), is successfully tested in a coalmine in 

China to demonstrate the effectiveness of the 

CRLD cable [3]. 

This paper focuses on providing the reader 

with a complete review of rock burst classifica-

tion and some dynamic rockbolts to control rock 

burst. 

2. Rock burst classification 

2.1. Classification based on rock burst 

type 

A classification system was developed and 

applied worldwide to record and report rock 

bursts using the terms of induced bursts, residual 

bursts, inherent bursts, and combination bursts 

were adapted by Colson (1950) [8] based on the 

origin of the burst. Later scientists have been 

recognized and developed some new methods of 

rock burst classifications such as:  

+ Ortlepp (1997) [9] made a distinction be-

tween the seismic source mechanism and the 

rock burst crushing mechanism, while Kaiser et 

al. (1992) [10] used the term "modes of failure", 

to describe the same cases, and a rock burst may 

be further classified by Kaiser et al. (1996) [11] 

as bulking, ejection, and seismically-induced 

caving ground based on the damage mechanism 

(See Fig. 1a); 
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Fig. 1. Rock burst type classification: (a) by rock burst damage mechanism and damage severity; (b) by rock burst me-

chanism; (c) by rock burst triggering mechanism; (d)  by rock burst potential and confinement effect 

+ Rock burst mechanisms are grouped by 

Tang (2000) [12] into three broad categories: 

strainbursts, slip fault bursts and combined me-

chanism bursts (see Fig. 1b), and he pointed out 

that the majority of rock bursts are of the strain-

burst type in deep hard rock mines;  

+ Based on stress paths and using experi-

mental methods, He et al. (2012) [13] classified 

rock bursts into two major types: strainbursts and 

impact-induced bursts as shown in Fig. 1c. 

Strainburst: frequently encountered in tunnelling 

and mining environment; they are associated 

with pillar and room mining cavities. In relation 

to different stress paths and failure locations, 

strainbursts can be divided into three sub-types: 

instantaneous burst, delayed burst, and pillar 

burst. The impact-induced burst: after excava-

tion, the surfaces of the cavities and the pillars 

may also suffer rock burst due to the impact 

waves generated by mining-induced distur-

bances. Based on generation mechanism, the im-

pact-induced burst can be divided into three sub-

types, i.e. the rock burst induced by blasting or 

excavation, by roof collapse, and by slip fault. 

+ Based on the analysis of classification of 

the rock burst mechanisms conducted by Kaiser 

et al. (1996) [11] the manifestations of potential 

rock burst phenomena with high levels of strain 

energy, which are usually classified as strain-

burst, pillar burst or slip fault bursts (Castro et 

al., 2012 [14]), are illustrated in Fig. 1d. 

2.2. Classification based on rock burst 

severity 

Numerous research works concerning the 

potential of rock burst have been performed. For 

example, Russnes’s method (Russenes, 1974) 

[15], which classifies the rock burst intensity into 

four levels (none, weak, moderate, and severe 

based on noise, shape, and features of failure af-

ter rock burst); Tan’s method [16] which classi-

fies rock burst into four groups based on the 

large number of laboratory tests and investiga-
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tions in situ, and considers mechanical characte-

ristics, type and shape of the failure, intensity of 

breakdown failure, and the sound of the rock 

burst; Brauner’s method [17], which classifies 

rock burst into three groups based on the intensi-

ty of breakdown failure of the surrounding rock 

mass; the Canadian Rock burst Research Pro-

gram’s (CRRP) [18] method, which classifies the 

severity of rock burst damage into minor, mod-

erate, and major damage, and estimates the se-

verity of rock burst damage based on observa-

tions and empirical evidences, the depth of the 

damage zone in the rock mass and geometric 

considerations. Recently a new rock burst classi-

fication method was introduced by Chen et al. 

(2013) [19] for quantitative evaluating rock burst 

intensity on the basis of the released energy of 

the rock burst, monitored by micro-seismic tech-

nique, and surrounding rock damage severity. 

3. Rock burst support 

Rock support in burst-prone rock mass dif-

fers from conventional rock support in shallow 

rock mass where controlling gravity-induced 

rock caving is the main concern. Rock support in 

burst-prone rock mass needs to resist dynamic 

loading and large rock dilation due to rock fail-

ure. Manystudies have been performed to ad-

dress the rock burst problem [20]. These studies 

recommend and provide design of rock burst 

support to mitigate rock burst damage. MCB 

conebolt and CRLD bolt are proposed to control 

rock burst problem. 

3.1. MCB conebolt 

The concept of conebolt was firstly devel-

oped in South Africa. The conebolts were grout-

able yielding tendons developed by the Chamber 

of Mines Research Organization (COMRO) in 

1987 [21] for use in cement grouted holes. 

The South African conebolts were first 

tested in Canada in 1994 [22] using cement grout 

and polyester resin (injected with quick-setting 

resin grout). The cement grouted conebolt had a 

maximum displacement of 240 mm and the load-

displacement curve similar to that of steel stret-

ching curve, indicating that there was insignifi-

cant cone movement during pull-out test. In resin 

grout testing, the conebolt could not shear 

through the resin and failed after about 100 mm 

of displacement only. But no mine in Canada 

systematically used the South African conebolts 

in its operation. The main reason was that the 

resin injection was not practical for use that time, 

and cement grouting was time consuming and 

required a third pass to screw in the bolts once 

the grout was cured. 

The increase in quantity of violent ejection 

failures in 1999/2000 at Brunswick Mine in 

Canada led to the urgent development of com-

plete yielding support system [23]. The South 

African conebolts were modified to satisfy resin-

grouting applications in Canada. Norand Inc. 

modified the conebolt head and added a blade for 

the purpose of resin mixing, and the new bolt 

was called Modified Cone Bolt (MCB). This 

new tendon can shear through the surrounding 

column of polyester resin grout. It is a smooth 

bar threaded at its outer end, with a forged cone 

and mixing blade at another end. 

A close-up view of the rock burst support 

system installed at Brunswick Mine can be seen 

in Fig. 2. There was a distinct boundary in one 

drift (tunnel) that defined stable and unstable 

rock masses in Fig. 2. This boundary was called 

the "extreme edge" at the mine site. Beyond the 

extreme edge, there were only standard rock 

support systems installed. A series of rock burst 

events that occurred between October 13 and 17, 

2000 severely damaged the rock mass where 

standard supports were installed, but the section 

which was supported by the rock burst support 

system suffered no damage. 

The excellent performance of the MCB 

supported tunnel section allowed many people to 

speculate that the rock might not be prone to 

burst as the rest of the area. However, close on-

site examination revealed that the MCB had ful-

filled specific role in dissipating dynamic energy 

as some conebolts displaced as much as 180 mm 

[23]. Subsequent use of MCBs based rock sup-

port system at the mine site showed its excellent 

performance.
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Fig. 2. Modified Cone Bolt (MCB) at Brunswick Mine 

 

 

Fig. 3. Schematic of the three-dimensional view of CRLD bolt 

 

 

Fig. 4. Working principles of CRLD bolt 

 

After the success at Brunswick Mine, 

MCBs have enjoyed slow but gradual acceptance 

by some Canadian mines having rock burst prob-

lems, and have been successfully applied in rock 

burst support systems. 

3.2. CRLD bolt 

Bolts provide a major method used in rock 

support in many practical situations. However, in 

high stressed rock masses and for large 

strain/deformation situations, bolts may be bro-
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ken if they are not able to adapt to the induced 

large deformations [24, 25]. So, a new constant-

resistance and large-deformation (CRLD) bolt 

was developed by GDUE to mitigate and control 

rock burst damage. 

Fig. 3 shows schematically the structure of 

the CRLD bolt which consists of the following 

components: a piston-like cone installed on a 

bolt shank (rebar), sleeve pipe with its inner di-

ameter slightly smaller than the large-end diame-

ter of the cone, face plate and nut functioned as 

the retention device. The fixed length of the 

shank bar is bonded by grout. 

Fig. 4 illustrates the supporting principle of 

the CRLD bolt over three different stages: 

- Elastic deformation stage: at this stage, 

the deformation energy of the surrounding rocks 

impacts on the bolt rod in the bolt assembly 

through the baffle plate and inner anchorage 

segment. In the case of relative deformation of 

the surrounding rock where the axial force 

caused by the rock deformation is less than the 

rated constant resistance of the CRLD bolt, the 

bolt will not elongate. Instead, the bolt will resist 

the deformation and failure of the rock by solely 

relying on the elastic deformation of the con-

stant-resistance element or bolt rod itself 

(Fig. 4a). In the figure, P0 is generated by the 

cone-sleeve relative sliding and is the resistance 

of the bolt, pre-designed as function of elasticity 

of the sleeve and the structure of the cone. 

–  Structural deformation stage: at this 

stage, the axial force on the rod increases and 

may be equal to or greater than the rated constant 

resistance of the CRLD bolt. This leads to fric-

tional-sliding displacement of the constant-

resistant body along the sleeve track, i.e., the 

CRLD bolt elongates. While elongating, the bolt 

keeps the constant-resistant characteristics and 

the deformation and failure of the rock mass is 

contained by its elongation, i.e. structural defor-

mation of the constant-resistant element occurs 

(Fig. 4b). 

Ultimate deformation stage: at this stage, 

the deformation energy of the rock mass in the 

abutment to the stope is fully released. The ex-

ternal loads will be lower than the rated constant 

resistance, and the constant-resistant body will 

stop sliding due to frictional drag. By this way, 

the surrounding rock mass is stabilized once 

again (Fig. 4c). 

During development, the CRLD bolt has 

been tested both in situ and in laboratory condi-

tions. The maximum extension of the CRLD 

rockbolt is about 1000 mm which should be able 

to accommodate the displacement of the rock 

mass adjacent to the deep underground excava-

tions. Compared to existing large-deformation 

bolts and anchors, the CRLD bolt (CRLDB) has 

much longer extension length under the same 

external pulling forces, while its maximum load-

carrying capacity is much higher. 

 

 
 

Fig. 5. Behavior of traditional bolt and CRLD bolt in tension tests 
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That is why the CRLDB is suitable for 

rocks and soils with large deformation. The 

built-in drag-adaptive regulator in the CRLDB 

can be adaptive to the external loading by pre-

venting itself from being broken off in the case 

where the external load exceeds the allowable 

value. CRLDB demonstrates ideally elastoplastic 

behavior (Fig. 5a), and the behavior of the tradi-

tional bolt is also plotted herein for comparison. 

For detailed assessment of this new type of bolt, 

tension tests were carried out on a traditional bolt 

and CRLDB (Fig. 5b). At the same tensile load-

ing level, the traditional bolt was broken with 

limited deformation length, whereas CRLDB 

showed much longer extensile length. CRLDB 

can bear shock for many times keeping good 

supporting performance. It is suitable for sup-

porting in the burst-prone roadways [26]. 

4. Conclusion 

This short review presents rock burst re-

search status in the world, and highlights some 

of rock burst classification methods and novel 

energy-absorbing bolts for controlling rock burst. 

Rock burst classification by type can be 

based on different parameters such as:  

‒ Rock burst damage mechanism and dam-

age severity;  

‒ Rockburstmechanisms;  

‒ Rockbursttriggeringmechanism; and 

‒ Rock burst potential and the confinement 

effect.  

Rock burst classification based on rock 

burst severity was introduced.  

For rock burst control, new yieldable or 

energy absorbing bolt/cable (MCB conebolt and 

CRLD bolt) were developed which demonstrate 

constant resistance under static and dynamic 

loadings and have large elongation capacity. 

MCBs have proved their efficiency in resolving 

rock burst problems in Canada, and have been 

successfully applied worldwide. CRLD bolt was 

tested in a field experiment, and the experimental 

results demonstrated its good energy absorbing 

performance and the ability to contain large de-

formation of rock masses. 
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Abstract: Providing a reasonable forecast of the required properties of intermetallic compounds (hereinafter also 

referred as intermetallides or IM) is an important scientific and commercial problem, which may be solved by fo-

cusing scientific researches and permanent generation of knowledge in this field. To date, researches in chemistry 

and physics of IM have been developing empirically for a simple reason, due to the complexity of describing the 

relationship between the crystal structure and chemical bonds, and, therefore, between all the properties of IM. IM 

is mainly characterized by metal type of chemical bond, as well as specific metallic properties. At the same time, 

among IM, there are also salt-like compounds with ionic bond, i.e. valency compounds formed from elements of 

different chemical nature, being stoichiometric compounds. The examples of such compounds are compounds with 

intermediate bond type, i.e. ion-metal and covalently-metal, as well as covalent bond types (e.g., NaAu). In the se-

ries of compounds of Mg with elements of the IV subgroup, along with decreasing the difference in the electro-

chemical characteristics of the components, the change in the IM properties is observed, from those peculiar to io-

nic compounds (for example, Mg2Si, Mg2Ge) to the properties typical of metals (Mg2Pb), etc. Due to the fact that 

lanthanides form the largest group of elements of the periodic system occurring in nature, and Mg is a relatively 

active chemical element in terms of IM formation (for example, it forms three IM with cadmium - Mg3Cd, MgCd 

and MgCd3), its oxides in slag provide decreasing average silicon content and increasing the stability of the silicon 

content in iron, being an important process indicator in the course of physicochemical reactions occurring in a blast 

furnace (for example, in the process of iron production). The presence of Si impurity (along with O, Au, Ti, V, Zr) 

produces the greatest effect on efficiency of solar cells, etc. [1–3]. Based on the foregoing, it is very important to 

study the state function, i.e. enthalpy of magnesium-lanthanide systems, rich in magnesium, and, based on the re-

sults of computer simulation, taking into account molecular dynamics method and other similar studies [4–8], to 

model regularities of changes in melting enthalpy of IM of the mentioned systems. The issue of modeling the pat-

tern of change in melting enthalpy of IM of magnesium-lanthanide (Mg-Ln) magnesium-rich systems is considered 

based on systematic analyzing melting enthalpy of IM of Mg-Ln magnesium-rich system, including Mg2Ln, Mg3Ln 

and equimolar compound MgLn, implemented using semi-empirical method developed by N.S. Poluektov. 
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Аннотация: Обеспечение обоснованного прогноза необходимых свойств интерметаллидов (ИМ), являю-

щегося важным направлением науки и определенных отраслей промышленности, достигается научно-

исследовательскими работами и постоянной генерацией знаний в этом направлении. Проводимые до сего-

дняшнего дня исследования по химии и физике ИМ развиваются эмпирически по простой причине – в свя-

зи со сложностью описания взаимосвязи между кристаллическим строением и химическими связями, а сле-

довательно, и между всеми свойствами ИМ. Для ИМ в основном характерны металлический тип химиче-

ской связи, а также специфические металлические свойства. В то же время среди ИМ имеются также соле-

образные соединения с ионной связью, т.е. валентные соединения, образующиеся из элементов различной 

химической природы, представляющие собой стехиометрические соединения. Примером таких соединений 

являются соединения с промежуточным характером связи, т.е. ионно-металлической и ковалентно-

металлической, а также с ковалентной (например, NaAu). В ряду соединений Mg с элементами IV подгруп-

пы вместе с уменьшением различия в электрохимических характеристиках компонентов наблюдается и из-

менение свойств ИМ – от характерных для ионных соединений (например, Mg2Si, Mg2Ge) до свойств, ти-

пичных для металлов (Mg2Pb), и т.д. В связи с тем что лантаноиды образуют самую большую группу эле-

ментов периодической системы, находящихся в природе, а элемент Mg является относительно активным 

химическим элементом по образованию ИМ (например, с кадмием образует три ИМ – Mg3Cd, MgCd и 

MgCd3), – его оксиды в шлаке  обеспечивают снижение среднего значения и повышение устойчивости со-

держания кремния в чугуне, – а это важный технологический показатель в ходе физико-химических реак-

ций, происходящих в горне доменной печи (например, при выплавке чугуна). Наличие его примеси (наряду 

с O, Au, Ti, V, Zr) оказывает наибольшее влияние на эффективность солнечных элементов и т.д. [1–3]. Ис-

ходя из изложенного весьма важным является исследование функции состояния, т.е. энтальпии систем маг-

ний–лантаноиды, богатых магнием, и на основе полученных путем компьютерного моделирования резуль-

татов, с учетом метода молекулярной динамики и других подобных исследований [4–8], моделирование 

закономерности изменения энтальпии плавления ИМ упомянутых систем. Рассматривается вопрос модели-

рования закономерности изменения энтальпии плавления ИМ систем магний–лантаноиды (Mg–Ln), бога-

тых магнием, путем системного анализа энтальпии плавления ИМ систем Mg–Ln, богатых магнием соста-

вов Mg2Ln, Mg3Ln и эквимолярного состава MgLn, проведенного с помощью полуэмпирического метода, 

разработанного Н.С.Полуэктовым. 

Ключевые слова: закономерность, интерметаллиды, корреляция, лантаноиды, магний, состав лантанидов, 

энтальпия плавления, электронное строение, полуэмпирический метод. 
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Introduction Intermetallides (IM), the 

most important minerals of rare-earth metals 

(elements) in nature, are characterized by pre-

dominantly metallic bonding between atoms in 

the lattice, but at the same time, there are inter-

metallic compounds with ionic and covalent 

chemical bonds, as well as intermediate cases, 

i.e. ion-metallic and covalent-metallic bonding. 

This rather diverse bonding between atoms in the 

IM lattice provides them with: low to high hard-

ness; chemical resistance, as well as an active 

chemical reactivity (for example, the reaction of 
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zinc and nickel at a temperature above 1000 ° C 

is of explosive nature); higher melting point than 

the that of the source metals in a range from 804 

°С for cerium and 1700 °С for lutetium); the 

formation of an eutectic alloy (based on the 

smallest crystals of two metals, each of which 

has an independent crystal lattice), which melts 

at lower temperature than these pure metals (for 

example, an eutectic alloy consisting of 24.4 

atomic % Pb (melting point of 327 °С) and 75.6 

atomic % Sn (melting point of 232 °С), melts at 

181 °С); relatively lower plasticity than the 

source metals, but appropriate ductility; in-

creased brittleness of the alloys in the structure 

of which the elements are included; semiconduc-

tor properties; shape memory (after hardening, 

the product can be deformed mechanically, but 

will take its original shape after heating a little); 

weakening the contact mechanical strength and 

deterioration of electrical characteristics (for ex-

ample, in soldered joints); division into two 

groups based on their density (light, below 8 

g/cm
3
, and heavy, from 8.272 to 9.482 cm

3
), etc. 

[9–15].  

Thematic justification Despite the fact 

that the term lanthanides appeared about a cen-

tury ago (in 1925 it was first used by V. Gold-

schmidt), the importance and relevance of the 

use of lanthanides (Ln) are still required expan-

sion and deepening of studies to identify their 

thermomechanical and thermodynamic characte-

ristics, and also prospecting and exploration of 

deposits to produce Ln concentrates. Lanthanides 

find growing application in modern industries, 

actively developing over the past 40 years, espe-

cially in Japan, China, and other industrialized 

countries. The published data show that the de-

mand for rare earth elements (REE) from 1980 to 

the present has grown from 30,000 tons to 

120,000 tons and the annual average rate of their 

consumption growth is projected at 4%, which in 

turn justifies the relevance of further research in 

this direction. 

Review of the historical studies shows that 

light alloys based on magnesium, alloyed with 

rare-earth metals, in particular lanthanides, have 

important application characteristics. In turn, re-

liable information on the physicochemical and 

thermal characteristics of these alloys contribute 

to their widespread use in modern branches of 

science, engineering and technological 

processes. Phase equilibrium diagrams of mag-

nesium-based systems (silicate systems), as well 

as Mg – Ln systems, have been studied by many 

researchers [16–30]. The findings of these and 

other studies, summarized in [31], indicate that 

MgLn, Mg2Ln, Mg3Ln, Mg12Ln, and Mg24Ln5 

intermetallides (IM) are formed in Mg – Ln sys-

tems. Currently, there is no published informa-

tion on an important indicator of the system in-

ternal energy (state function) – melting enthalpy 

(EP) of these IM, which characterizes the ther-

mal effect of the process proceeding at constant 

pressure. 

This paper presents the findings of a sys-

tematic analysis of melting enthalpy of the IM of 

Mg – Ln systems, magnesium-rich compounds 

Mg2Ln, Mg3Ln, and the equimolar MgLn. The 

analysis was carried out using the semi-empirical 

method developed by N. S. Poluektov and 

et. al. [32, 33]. The calculation (hereinafter cal-

culation 1) is produced using the following cor-

relation equation: 

A(Mg хLnу ) = A(Mg хLaу ) + αNf + 

+ βS + γ'L(Ce-Eu)(γ''L(Tb-Yb)),  (1) 

where coefficient α – takes into account the 

share effect of 4f electrons, β-spin (S) - and γ-

orbital (L) moments of Ln atom motion (γ' for 

Ln-cerium and γ'' for Ln-yttrium subgroups) on 

the values of the IM melting enthalpy (∆Нmelt ). 
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The mentioned method is widely used, and we 

have also successfully applied it for many Ln 

compounds [34–36]. 

Determined and/or refined values of the 

melting temperature of Mg–Ln system IM made 

it possible to determine melting enthalpy of IM 

of the above-mentioned compositions (hereinaf-

ter referred as Calculation 2) using the following 

equation [37, 38]: 

∆H
0

пл,MgхLnу =Тпл.
им

(n∆Hпл.
Ln

/Тпл.
Ln

 +  

+ m∆Hпл.
Mg

/Тпл.
Mg

)/n+m.  (2) 

The values of the coefficients of the correla-

tion equation (1) given in Table 1 allow to deter-

mine the share effect of each component of the equ-

ation on the values of melting enthalpy of Mg–Ln 

system IM. 

The most complete data obtained on 

melting enthalpy of intermetallides of the studied 

compositions are given in Table 2. 

The data given in Table 2 show satisfac-

tory coincidence of the melting enthalpy values 

obtained by the two methods. This indicates the 

validity of the applied semi-empirical methods 

and the reliability of the obtained results. The 

only exception is data for few MI. Perhaps this is 

due to some experimental conditions and insuffi-

ciently pure reagents. 

Table 1 

The values of the coefficients of equation (1) for the determination of melting enthalpy of intermetallides 

IM Parameter α β γ' γ'' 

MgLn ∆H
0

пл −0.096 0.02 −0.127 0.410 

Mg2Ln ∆H
0

пл −0.26 0.43 −0.09 0.005 

Mg3Ln ∆H
0

пл −0.018 −0.365 0.1652 0.062 

Table 2  

The most complete information obtained on melting enthalpy of intermetallides of the studied compositions 

 

  

IM 
Mg3Ln Mg2Ln MgLn 

∆H°пл. 
Discrepancy, 

% 
∆H°пл. 

Discrepancy, 

% 
∆H°пл. 

Discrepancy, 

% 

Ln Calculation 

1 

Calculation 

2 
 

Calculation 

1 

Calculation 

2 
 

Calculation 

1 

Calculation 

2 
 

La 10190 10190 − 9950 9950 − 10610 10610 − 

Ce 10670 10410 2.4 9550 9370 1.9 9000 9560 5.8 

Pr 10290 10520 2.1 8530 9130 6.6 8779 8910 1.47 

Nd 9870 10560 6.5 8530 9000 5.2 8466 8530 0.75 

Pm 9954 10360 3.91 9270 8590 7.3 9010 8440 6.3 

Sm 9080 9990 9.1 9420 9000 4.4 8333 8640 3.55 

Eu 7800 8110 3.8 9520 9520 − 7080 7140 0.8 

Gd 9040 9040 − 9650 9650 − 10010 10010 − 

Tb 9024 9120 1.0 8150 8900 8.4 11140 11140 − 

Dy 9073 9400 3.4 9330 8410 9.8 11220 11750 4.5 

Ho 9260 9630 3.8 8020 7930 1.1 11170 12050 7.5 

Er 10190 9800 3.9 8260 7450 9.8 10906 11950 8.37 

Tm 9260 9900 6.46 6820 6980 2.2 10767 11430 5.80 

Yb 8156 8420 3.13 8980 8980 − 6790 7020 3.27 

Lu 9940 9940 − 6530 6530 − 9270 9270 − 
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The obtained most complete values of 

melting enthalpy of the studied IM compounds 

made it possible to determine the regularities of 

changing the melting enthalpy depending on the 

nature of Ln. As seen from Fig. 1-3, the depen-

dencies are complex in nature within the entire 

group and are divided into the Ln subgroups, ce-

rium and yttrium, with the manifestation of the 

"tetrad effect". The following features should be 

noted: 

 for IM of MgLn and Mg2Ln composi-

tions (cerium subgroup), the similar curves are 

observed. Increasing Ln atomic number within 

the subgroups leads to decreasing the IM melting 

enthalpy, with a minimum for the Pm compound. 

For the IM of the composition Mg2Ln (yt-

trium subgroup), increasing Ln atomic number 

leads to practically linear decreasing the IM 

melting enthalpy, with the exception of the ytter-

bium compound; 

 the similar curve character is observed for 

IM of MgLn (yttrium subgroup) and Mg3Ln 

(both subgroups) compositions. The curves have 

a bulge up with a maximum in the middle of the 

subgroups;  

 the deviation of the characteristics of eu-

ropium and ytterbium IM from the found regu-

larities is due to the partial and complete filling 

by electrons of the 4f orbitals of these elements 

atoms. 

 

Fig. 1. Plot of melting enthalpy of intermetallides of MgLn composition as function of Ln sequence number. 

Hereinafter ● – calculation 1, ▲ – calculation 2 

 
Fig. 2. Plot of melting enthalpy of intermetallides of Mg2Ln composition as function of Ln sequence number 

6500

7500

8500

9500

10500

11500

12500

La 

57

Ce 

58

Pr 

59

Nd 

60

Pm 

61

Sm 

62

Eu 

63

Gd 

64

Tb 

65

Dy 

66

Ho 

67

Er 

68

Tm 

69

Yb 

70

Lu 

71

∆
H

0
п

л
., 

J/
m

o
l

Lanthanide atomic number

6200

7200

8200

9200

10200

La 

57

Ce 

58

Pr 

59

Nd 

60

Pm 

61

Sm 

62

Eu 

63

Gd 

64

Tb 

65

Dy 

66

Ho 

67

Er 

68

Tm 

69

Yb 

70

Lu 

71

∆
H

0
п

л
., 

J/
m

o
l

Lanthanide atomic number



 

BENEFICIATION. PROCESSING OF NATURAL AND TECHNOGENIC MINERALS 116 

 

 

Fig. 3. Plot of melting enthalpy of intermetallides of Mg3Ln composition as function of Ln sequence number 

Table 3 

The equations describing change of thermal characteristics of intermetallides depending on nature of lanthanides 

IM composition Parameter Equation R
2*

 

MgLn ∆H
0

пл. 
(а) y = 0.1516x

2
 – 1.4495x + 11.889 0.9994 

(b) y = −0.2726x
2
 + 2.1367x + 7.9771 0.9412 

Mg2Ln ∆H
0

пл. 
(а) y = 0.0763x

2
 – 0.74x + 10.607 0.9211 

(b) y = 0.019x
2
 – 0.6581x + 10.23 0.998 

Mg3Ln ∆H
0

пл. 
(а) y = −0.0748x

2
 + 0.492x + 9.751 0.9806 

(b) y = −0.0145x
2
 + 0.2826x + 8.7071 0.9782 

Notes: (а) – cerium; (b) – yttrium subgroups; R
2
 is the degree of confidence; х is atomic number of a metal;  

у is melting enthalpy of an IM. 

 

 

Fig. 4. Plot of melting enthalpy of intermetallides as function of the nature of lanthanides: – trend line 
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Table 4 

The equations describing change of ∆H
0
melt of intermetallides depending on their composition 

Lanthanide Trend equation Lanthanide Trend equation 

La y = 450x
2
 − 2010x + 12170 Gd y = −125x

2
 + 15x + 10120 

Ce y = 285x
2
 − 305x + 9020 Tb y = 740x

2
 − 5210x + 15610 

Pr y = 325x
2
 + 135x + 6960 Dy y = −230x

2
 − 1200x + 12650 

Nd y = 1255x
2
 − 4935x + 13380 Ho y = 2195x

2
 − 9735x + 18710 

Pm y = −340x
2
 + 1280x + 8070 Er y = 2095x

2
 − 8545x + 16970 

Sm y = −75x
2
 + 35x + 9650 Tm y = 2715x

2
 − 11575x + 19110 

Eu y = −2080x
2
 + 8680x + 480 Yb y = −2250x

2
 + 8940x + 100 

 Lu y = 3075x
2
 − 11965x + 18160 

*Notes to Table 4: R
2
 = 1 – for all the IM; х = m : n and is determined based on Mg(m)Ln(n) composition of IM; у – IM melting 

enthalpy ∆H
0
melt 

 

Fig. 5. Plot of melting enthalpy (∆H
0
melt) of intermetallides of Mg(m)Ln(n) system as function of their composition 

(m/n): — trend line 

 

Mathematical modeling of the IM melting 

enthalpy for the studied compositions of Mg–Ln 

system was carried out using the standard Micro-

soft Excel program. The calculation results are 

given in Table 3. The data processing was per-

formed separately for cerium and yttrium Ln 

subgroups. The calculations did not take into ac-

count the melting enthalpy values for europium 

and ytterbium IM. 

Fig. 4 shows the characteristic curves of 

the IM melting enthalpy depending on the nature 

of Ln for the subgroups: 4 (a) – cerium, 4 (b) – 

yttrium.  
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Equations of the IM ∆H
0

melt  dependence 

on the IM composition and the characteristic 

curves reflecting the IM melting enthalpy in Mg-

Ln system depending on their composition are 

given in Table 4 and in Fig. 5, respectively. 

The graphs present the melting enthalpy 

curves for the lanthanide IM of: 5 (a) – yttrium 

subgroups, 5 (b) – Ce, Pr, and Nd; 5 (c) – Pm, 

Sm, and Eu; 5 (d) – La, Gd, and Lu. The changes 

in the properties of the IM of La, Gd, and Lu are 

mainly due to the linear nature of electron reple-

nishment of 4f orbitals (Nf Eq. (1)), the similarity 

of the electronic structure, and the possibility of 

4f electron transfer to 5d orbitals in these atoms. 

In other subgroups, spin (S)-orbital (L) interac-

tions have a decisive effect. 

Conclusion 

Analytical and graphical interpretations of 

the study results using the above methods and 

mathematical modeling of the IM compounds 

melting enthalpy allowed drawing the following 

conclusions: 

1. Based on the use of the semi-empirical 

method, the values of the correlation equation 

coefficients were determined, enabling determin-

ing the share effect of each component on melt-

ing enthalpy of the Mg–Ln system IM.  

2. The most complete data have been ob-

tained on the melting enthalpy of the Mg – Ln 

system IM of the studied compositions, showing 

a fairly satisfactory convergence of the melting 

enthalpy values obtained by two methods, indi-

cating the validity of the applied semi-empirical 

methods and the reliability of the study results 

(with the exception of few IM, large discrepancy 

for which was possibly connected with some ex-

perimental conditions and insufficiently pure 

reagents). 

3. The regularities of changing the calcu-

lated IM melting enthalpy depending on Ln na-

ture were determined: within the whole group, 

the regularities are of complex nature, with divi-

sion into Ln subgroups, cerium and yttrium, with 

the "tetrad effect" manifestation, and with the 

following features: for the cerium group (IM of 

MgLn and Mg2Ln composition), the similar 

curve shape is observed. Increasing Ln atomic 

number within the subgroups leads to decreasing 

the IM melting enthalpy, with a minimum for the 

Pm compound. 

3.1. For the IM of Mg2Ln composition (yt-

trium subgroup), increasing Ln atomic number 

leads to practically linear decreasing the IM 

melting enthalpy, with the exception of the ytter-

bium compound. 

4. The determination of the regularities of 

changing the melting enthalpy of the Mg – Ln 

system IM (rich in Mg) depending on Ln nature, 

taking into account their important application 

characteristics, expands a database on: prognos-

tic properties of the IM of different their struc-

tures and compositions; physicochemical and 

thermal characteristics of IM; as well as allows 

simplifying and refining system analyzes and 

solving other important applied problems. 
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Introduction 

Coal deposits in Russia and abroad, as a 

rule, are highly methane-bearing, and during 

their development, an average of 18.6 m
3
/t 

of methane is produced per tonne of coal 

mined [1–3] that is a limitation of the productivi-

ty of modern highly productive equipment. The 

abundant release of methane into mine workings 

at a certain combination of geological, mining, 

and organizational factors leads to incidents and 

dangerous production gas-dynamic situations in 

the form of gas pollution of mine workings, ex-

plosions of methane-air mixtures. 

Effective management of the interacting 

technological, geomechanical and gas-dynamic 

processes in a modern coal mine requires solving 

a set of scientific and practical problems, includ-

ing the development and implementation of mine 

process flow sheets that are adaptive to wide 

range of geological, geotechnical, and mining 

conditions of coal deposits and operating modes 

of high-performance mining facilities.  

The work of many scientists and practi-

tioners has been devoted to the development and 

implementation of high-performance technolo-

gies for the preparation and development of me-

thane-bearing coal seams. However, the main 

urgent problems have not yet been solved: theo-

retical studies on the release (desorption) of me-

thane have not been brought to practical use (ef-

ficiency of gas drainage of 0.12–0.40 has been 

achieved); the role of methane in a sudden coal 

burst as a complex physical-chemical-

mechanical phenomenon has not been unambi-

guously identified; the parameters of methane 

breakthroughs from satellite seams, geological 

dislocations, and worked-out space have not 

been determined. A promising way for increas-

ing the intensity of methane release from coal, 

including from the gas-hydrate state, is the crea-

tion and implementation of active combined de-

gassing methods, providing for stage-by-stage 

coal disintegration and decreasing rock pressure.  

In this regard, the need has arisen for the 

creation and implementation of active combined 

methods and means of phased degassing of an 

inhomogeneous coal-rock mass and worked-out 

space to ensure efficient and safe underground 

mining of highly gas-bearing coal seams. To this 

end, the effectiveness of traditional technologies 

for methods and means of degassing methane-

bearing coal seams was assessed with the aim of 

developing, substantiating the parameters and 

introducing active combined methods and means 

of multi-stage degassing of an inhomogeneous 

coal-rock mass and the worked-out space for ef-

ficient and safe mining of methane-bearing coal 

seams.  

The main idea of creating active combined 

methods and means of multi-stage degassing of 

methane-bearing coal seams consists in using the 

identified patterns of interaction of technologi-

cal, gas-dynamic and geomechanical processes 

in a coal-rock mass to control the coal matrix 

disintegration, reduce pressure in it, and ensure 

the transition of methane from a hydrated state to 

gaseous one taking into account real mining 

conditions at mines. 

To achieve this goal, the following prob-

lems are being solved: 

 the synthesis of alternative options of ac-

tive combined methods for the artificial disinte-

gration of coal seams for their multi-stage de-

gassing; 

 identification of the patterns of methane 

desorption in wide range of mining and geologi-

cal conditions of coal mines based on the results 

of mine research; 

 identification of effective variants of ac-

tive combined methods of multi-stage degassing 

of an inhomogeneous coal-rock mass based on 
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the results of computer simulation and mine ex-

periments; 

 substantiation of technological parame-

ters and the implementation of active combined 

methods and means of multi-stage degassing of 

high-gas-bearing coal seams. 

The research methods. Analysis of the ef-

fectiveness of traditional methods and means for 

mine degassing; mine experiments; computer 

simulation of interacting technological, gas-

dynamic and geomechanical processes; statistical 

assessment and ranking of options for active 

combined multi-stage degassing methods; syn-

thesis of process flow options for the preparation 

and development of gas-bearing coal seams. 

The study findings. Based on the analysis 

of the effectiveness of traditional methods and 

means of coal seam degassing [1, 3-5, etc.], the 

following was found: 

 the annual volume of methane recovered 

in the period 1990–2009 in the Kuzbass by 

means of degassing amounted to 60–330 mln m
3
, 

gas suction, 120–410 mln m
3
, ventilation, 

470–600 mln m
3
; 

 the proportion of mines which applied 

seam degassing in the period of 1990–2009 in 

the Kuzbass amounted to 0.18–0.33; work-out 

space degassing, 0.21–0.28; gas suction, 

0.28–0.39; 

 the effectiveness of degassing at the 

Kuzbass mines is 3–44 % and does not exceed 

28 % on average,  

 combined degassing methods are most 

effective. For example, the simultaneous use of 

gas suction and degassing allow achieving effi-

ciency of gas drainage of 0.55, whereas degass-

ing under similar conditions only provides 0.28; 

 the use of combined ventilation schemes 

ensures the achievement of efficiency of gas 

drainage of 0.55; 

 the use of boreholes drilled from the 

earth's surface ensures maximum methane drai-

nage: efficiency of gas drainage reaches 0.85, 

whereas that for seam degassing under the same 

conditions provides 0.20 only. 

The presented methane drainage indicators 

for different methods confirm not only the rela-

tively low efficiency of the methods and means 

of methane-bearing coal seams degassing, but 

also the lack of methods for predicting methane 

release parameters in specific mining & geologi-

cal and geotechical conditions, since the design 

and actual values of efficiency of gas drainage 

differ by 2–3 times. To develop new methods for 

predicting degassing parameters, it is necessary 

to identify and use the patterns of methane ad-

sorption and desorption, the disintegration of 

coal matrix under the influence of pressure and 

temperature above the equilibrium parameters of 

gas hydrates that ensures the change of methane 

from hydrate to gaseous state, taking into ac-

count the actual mine conditions. 

The following impacts on a coal mass 

are considered as alternatives to active combined 

methods of multistage degassing of an inhomo-

geneous coal-rock mass: electropulsed, periodic 

plasma-pulsed, vibrovawe, disintegration by 

fluid, vacuum degassing, etc. [6, 7, 11, 12]. 

The theoretical foundations of the coal matrix 

formation are described in [10, 13, 16]. Accord-

ing to the findings of these studies, methane gas 

in a coal seam can be in three forms: free gas in 

the pore and fracture spaces of coal or rocks; me-

thane in adsorbed or gas hydrate state. Gas hy-

drates are solid crystalline substances, containing 

water and gas molecules. 

Phase equilibrium diagram of solid coal-

gas solutions (SCGS) containing methane is pre-

sented in Fig. 1. 
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Fig. 1. Phase equilibrium diagram of methane in coal matrix [18] 

 

 
Fig. 2. Vertical (red lines) and horizontal (blue lines) stresses (MPa) in the zone of influence 

of goaf of three extraction districts 

 

 

Fig. 3. Vertical (red lines) and horizontal (blue lines) stresses (MPa) in the zone of influence of goaf of three ex-

traction districts, a portion of Fig. 2 
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According to the diagram, the transition of 

methane from solid coal-gas solutions and the 

adsorbed state to a gaseous state is possible at 

decreasing pressure and increasing temperature 

of the coal matrix. The possibility of increasing 

temperature of coal seams is limited in the mine 

by fire safety requirements and sanitary 

rules [19, 20]. Therefore, the main parameter 

providing the intensification of the methane tran-

sition to the gaseous state is reduction of me-

chanical stress, which is accompanied by the de-

composition of solid coal-gas solutions (SCGS) 

and increasing methane pressure in natural and 

man-made fractures. There are several hypothes-

es for the transition of methane to the gaseous 

state and its migration through fractures and 

pores. However, the efficiency of these mechan-

isms realization in practice is not always con-

firmed [5, 9, 11, 12, 14–16]. 

Fig. 2 shows the results of numerical simu-

lation of the distribution of vertical and horizon-

tal stresses after mining-out three extraction dis-

tricts in the conditions of the Yerunakovsky de-

posit in the Kuzbass. The thickness of the mined 

seam 1 is 2.48 m, that of undermined seam 1* (in 

the mined seam bottom) and seam 2 (in the 

mined seam roof) for the simulation is taken to 

be 2 m. 

Fig. 3 shows a fragment of Fig. 2 in the 

form of a cutout on a large scale with the pur-

pose of detailed description of the nature of 

the stress distribution in the rock mass near 

the ventilation drift 1–4, conveyor drift 1–3 

and the stope worked-out space of extraction dis-

tricts 1–3. The signs of stresses in Fig. 2 and 3 

are as follows: compression σ < 0; tensile σ > 0. 

According to the results of the analysis of 

vertical and horizontal stresses in the rock massif 

under the mutual influence of the worked-out 

space of several adjacent extraction districts se-

parated by coal pillars, the following zones were 

identified, within which we should expect de-

creasing mechanical stresses and intensive de-

composition of gas hydrates with the release of 

free methane:  

1) The unloading zone (Zone 1 in Figs. 2 

and 3) of undermined rock layers and coal 

seams. The transition of solid coal-gas solutions 

into the gaseous state in these zones is confirmed 

by the value of efficiency of gas drainage up to 

0.85 when using boreholes drilled into the 

mined-out space from the earth's surface or un-

derground workings [5]. 

2) The unloading zone (Zone 2 in Figs. 2 

and 3) of rocks in the mined seam bottom. The 

intensity of the transition of methane from SCGS 

to the adsorbed state is confirmed in practice by 

periodic breakthroughs of methane from the 

mine working bottom that is accompanied by 

fractures of bottom rocks and increasing methane 

concentration. 

3) Zone of partial horizontal stress drop in 

the edge sections of the mined seam (Zone 3 in 

Figs. 2 and 3), as evidenced by coal sloughing on 

the face, roof fall and increasing methane re-

lease. A feature of this zone is the deformation of 

rock layers and coal seams along their natural 

contacts and technogenic fractures. Under the 

influence of tangential and alternating-sign nor-

mal stresses in these zones, blocks and oblique 

fractures are formed along which methane mi-

grates.  

4) The zone of vertical stress drop (Zone 4 

in Figs. 2 and 3), arising due to the expansion of 

undermined or bottom coal seams. Since the ten-

sile strength of coal is 10–15 less than its com-

pressive strength, intensive crushing of coal and 

the transition of methane to free gas state takes 

place, according to the diagram in Fig. 1. 
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5) The zone of alternating-sign stresses and 

deformations arising under the influence of geo-

logical dislocations/faults, the boundaries of geo-

tectonic blocks [21]. 

6) The zone of migration of methane-air 

mixture between the mined-out spaces of the ad-

jacent extraction pillars. According to Fig. 2, 

zones of tensile horizontal stresses and great 

compressive stresses arise above the coal pillars 

between adjacent extraction districts. Under the 

influence of alternating-sign stresses and strains, 

the formation of technogenic fractures occurs, 

along which the methane-air mixture migrates to 

the workings of the extraction pillar. 

As follows from the diagram in Fig. 1 and 

the nature of the stress distribution in the rock 

mass in Figs. 2 and 3, in coal seams outside the 

zone of influence of mine workings or geological 

dislocations, one should not expect intense me-

thane release, since all the mechanical stresses 

are compressive, that is, they reduce the coal po-

rosity and the intensity of methane filtration. 

This is confirmed in practice in a seam degass-

ing, where the average efficiency of gas drainage 

is 0.20. 

With the aim of increasing the intensity of 

seam degassing using a borehole system, some 

authors [3, 7, 11, 12] propose various methods 

for coal crushing and increasing permeability. At 

the stage of experimental verification, the fol-

lowing methods for impacting a rock mass are 

tested: electropulsed, periodic plasma-pulsed, 

vibration microwave, fluid disruption, vacuum 

degassing, etc. However, according to the calcu-

lations from paper [14], with increasing porosity 

of coal mass without mechanical stress drop, fill-

ing of voids with gas and increasing pressure in 

the coal matrix occurs. In this case, it is neces-

sary to create a surface to be free of mechanical 

stresses, through which methane flows into mine 

workings or boreholes. 

According to the graphs in Fig. 4 and re-

search [6] at the first stage after connecting a bo-

rehole to the degassing system, the degassing 

intensity is high, and after a few days it gradually 

decreases. 

 

Fig. 4. Plot of methane flow rate from degassing boreholes during seam degassing as function of the borehole 

operation, seam 16, Abashevskaya mine, Kuzbass 
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The reasons for the decrease in the bore-

hole methane flow rate are coal crushing with the 

borehole filling. At the C.M. Kirov Mine, expe-

riments were conducted to enhance degassing in 

the vicinity of boreholes by means of anthropo-

genic impact on the boreholes; however, the re-

sults do not differ significantly from those shown 

in Fig. 4.  

New technological solutions for methane 

recovery from coal-rock mass were proposed in 

a paper of scientists of the Republic of Ka-

zakhstan [17]. The authors argue that the use of 

several technogenic impacts on rocks through 

boreholes drilled from the earth's surface does 

not provide the design flow rate of methane. Of 

the 150 boreholes in the Karaganda coal basin, 

only few boreholes produced gas encroachment 

rate of 3–4 thousand m
3
 per day. High labor and 

energy intensity of the application of seam hy-

draulic fracturing is noted, at low efficiency of 

the method. The reasons for decreasing gas re-

covery factor after the hydraulic fracturing is 

blocking of methane in the pores and locking of 

the fractures with swelling clay particles. 

Thus, the traditional methods of degassing 

coal seams, regulated by applicable documents, 

do not ensure effective degassing of the seams 

above 0.4.  

Therefore, it is proposed to expand scien-

tific research for the development of a new direc-

tion in order to create and implement combined 

methods of phased degassing using methods of 

reducing mechanical stresses in a coal matrix 

with preliminary increasing its porosity. 

In connection with the above, a research 

program has been developed including the fol-

lowing types of work: 

1) Plasma-pulsed impact on coal seams 

through boreholes drilled from the earth's 

surface [22]. The technology is based on the ef-

fect of a strong compression wave on rocks, re-

sulting from the intense expansion of a plasma 

channel formed between special electrodes. As a 

result of the conductors closing, an explosion 

occurs, a strong shock wave is formed, com-

pressing and tensioning the environment. Micro-

fractures arise, which are filled with methane. 

This method is implemented when per-

forming early degassing in the conditions of the 

Yerunakovsky Vostochny area of the Yeruna-

kovskaya-VIII Mine in the Kuzbass. Four vertic-

al boreholes were drilled from the surface. The 

depth of vertical boreholes for the conditions un-

der consideration is up to 700 m. Coal seams 48 

and 45 of the Lenin suite (P2ln) of medium 

thickness, with a gas content of about 25 m
3
/ t 

dry ash-free mass. The target scope of drilling is 

presented in Table 1. 

Table 1 

Scope of drilling 

Borehole Target depth, m Borehole purpose Drilling method 

Within 

extraction 

district outline 

1 580 Degassing Noncore 48–5 

2 550 Degassing Noncore 48–5 

3 600 Degassing Noncore 48–6 

4 630 Degassing Noncore 48–6 
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2) Plasma-pulsed impact on coal seams 

through boreholes drilled from the earth's surface 

and/or from underground workings. The tech-

nology is being developed relating to the possi-

bility of using technical means in underground 

conditions. 

3) Directional drilling of long (up to 

1200 m) degassing boreholes for preliminary de-

gassing of coal seams in the outline of extraction 

pillars planned. The method is implemented at 

the Kuzbass mines. 

4) Drilling of degassing boreholes along a 

seam dip with the introduction of a polyethylene 

pipe into the borehole to its entire depth for de-

watering the borehole and the gas recovery from 

the borehole bottom (increasing the gas mixture 

movement speed occurs). 

The implementation of the combined me-

thods of phased degassing using methods of re-

ducing mechanical stresses in a coal matrix with 

preliminary increasing its porosity allows in-

creasing methane yield up to 90 %. 

Conclusions 

The analysis of methods and directions of 

increasing the efficiency of coal seam degassing 

showed that:  

1) The traditional methods and means of 

degassing, regulated by the applicable specifica-

tion documents, ensure the achievement of effi-

ciency of gas drainage in the range of 0.03–0.44, 

no more than 0.28 on average in the Kuzbass; 

using combined degassing methods with simul-

taneous gas suction and seam degassing increas-

es this figure up to 0.55; applying boreholes 

drilled from the earth's surface raises efficiency 

of gas drainage to 0.85.  

2) A promising direction for increasing the 

efficiency of methane-bearing coal seam degass-

ing is the development of the theory and practice 

of combined phased crushing of coal matrix in 

order to create conditions for the transition of 

methane from hydrate to gaseous state through 

reducing mechanical stresses in the rock mass. 

3) The main directions of increasing the ef-

ficiency of coal seam degassing in the coming 

years shall be: plasma-pulsed impact on coal 

seams through boreholes drilled from the earth's 

surface and/or from mine workings; coal seam 

degassing through long boreholes (up to 1200 m) 

using polyethylene pipes inserted in them for 

dewatering the boreholes and the gas recovery 

from the borehole bottom. 
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Abstract: It is known that conveyor operates in chemically aggressive and abrasive environments; for this reason 

the drive drum of belt conveyor wears out rather rapidly. It is noted that the lining of the conveyor drum increases 

coefficient of friction between the conveyor drum and the conveyor belt, reduces the belt wear rate, and also pro-

tects against corrosion and abrasive wear. The plot of the PU-60 polyurethane wear rate as function of load when 

rolling on steel is presented. It is noted that increasing the load increases the strength of adhesive junction between 

steel and polyurethane rollers; friction wear causes fatigue failure of surface layers of the materials. Besides, the 

plot of the PU-80 polyurethane wear rate as function of load when rolling on steel is presented. The plot of the po-

lyurethanes wear rate as function of hardness of polyurethane is presented, which shows that the lowest wear rate is 

demonstrated by the hardest polyurethane, PU-80. The bar chart of static friction coefficient for PU-60 and PU-80 

polyurethanes demonstrates that the optimal material for lining the drive drum of a conveyor belt is PU-80. The plot 

of the rubber wear rate as function of load at a speed of 1 m/s is presented. The plot shows that the wear rate in-

creases with increasing the load. This is due to the effect of two factors: growing contact deformations of the sur-

face layer of the rubber and increasing the contact area of mating parts. It is noted that IRP-1347 rubber is less sus-

ceptible to wear than "REMAGRIP" rubber. This allows using IRP-1347 rubber in aggressive environments. The 

bar chart of static friction coefficient for the rubber presented in the paper shows that the investigated IRP-1347 and 

REMAGRIP rubber grades have the required value of static friction coefficient for use as lining material for the 

drive drum. The plot of the wear rate as function of the rubber hardness and as function of the polyurethane hard-

ness is presented. In practice, it is proved that the best material for lining the drive drum is PU-80. 
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Выбор материала для облицовки приводного барабана ленточного конвейера 

Гридюшко Д. В., Брижевич А. В., Пискун Е. В. 

Закрытое акционерное общество «Солигорский Институт проблем ресурсосбережения с Опытным 

производством», Солигорск, Минская область, Республика Беларусь, onti@sipr.by 

Аннотация: Известно, что конвейер работает в химически активной и абразивной средах, по этой причине 

приводной барабан ленточного конвейера быстро изнашивается. Отмечено, что футеровка конвейерного 

барабана повышает коэффициент трения между конвейерным барабаном и транспортерной лентой, снижа-

ет скорость изнашивания ленты, а также защищает от коррозии и абразивного износа. Представлен график 

зависимости интенсивности изнашивания  полиуретанов ПУ-60 от нагрузки при качении по стали. 

Показано, что с увеличением нагрузки увеличивается прочность адгезионных соединений между стальным 

и полиуретановым роликами, при трении материалы повреждаются вследствие усталостного разрушения 

поверхностных слоев. Также представлен график зависимости интенсивности изнашивания  полиуретанов 

ПУ-80 от нагрузки при качении по стали. Представлена диаграмма зависимости интенсивности изнашива-

ния от твердости полиуретана, на которой видно, что самая маленькая интенсивность изнашивания у само-

го твердого полиуретана ПУ-80. Проиллюстрирована гистограмма коэффициента трения покоя полиурета-

нов ПУ-60 и ПУ-80, из которой можно сделать вывод, что оптимальный материал для облицовки приводно-

го барабана ленточного конвейера – это ПУ-80. Представлен график зависимости интенсивности 

изнашивания резины от нагрузки при скорости 1 м/с. Из графика видно, что интенсивность изнашивания 
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возрастает с повышением нагрузки. Это обусловлено влиянием двух факторов: увеличением контактных 

деформаций поверхностного слоя резины и увеличением площади контакта сопрягаемых деталей. Отмече-

но, что резина ИРП-1347 в меньшей степени поддается изнашиванию по сравнению с резиной 

«REMAGRIP», что позволяет ей работать в агрессивных средах. Гистограмма коэффициента трения покоя 

для резины, представленная в работе, показывает, что исследуемые резины марок ИРП-1347 и 

«REMAGRIP» обладают необходимым значением коэффициента трения покоя для использования их в ка-

честве футеровочного материала для приводного барабана. Представлена диаграмма зависимости интен-

сивности изнашивания от твердости резины и полиуретана. На практике доказано, что наилучшим мате-

риалом для облицовки приводного барабана является ПУ-80. 

Ключевые слова: полиуретан, резина, облицовка, износостойкость, коэффициент трения покоя, ленточ-

ный конвейер, линейная интенсивность изнашивания, приводной барабан, прочность, 

резина, эластомер. 
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Introduction 

Due to the fact that a conveyor operates in 

chemically aggressive and abrasive environ-

ments the drive drum of a belt conveyor wears 

out quickly [1]. In order to reduce the wear, the 

drum lining is required.  

There are several types of lining material 

for drive drum. The selected material should 

have the following properties: 

 high strength and hardness; 

 resistance to chemical attack; 

 increase the life of the conveyor belt; 

 increase friction coefficient between the 

conveyor drum and the conveyor belt; 

 protect against corrosion and abrasion. 

Thus, in the course of the study, it is neces-

sary to study the tribotechnical properties of the 

material proposed for lining the drive drum and 

determine the material that meets 

the requirements and has the necessary proper-

ties [2]. 

 

1. Lining of a conveyor belt drive drum. 

Drive drums are manufactured by welding with a 

shell of sheet steel or by iron casting. Regarding 

the drum shape, the drums are made with a cy-

lindrical or convex (barrel-shaped) surface, 

smooth or with notches. The drive drum traction 

properties are improved by increasing the tension 

of the belt or the angle of the drive drum clasp-

ing by the belt, using highly friction lining with 

longitudinal or chevron ribs (which contributes 

to self-cleaning) [3]. 

Lining of a conveyor drum increases fric-

tion coefficient between the conveyor drum and 

the conveyor belt, reduces the belt wear rate, and 

also protects against corrosion and abrasion. 

Lining is installed on the conveyor drum 

using special adhesives. The lining plates signif-

icantly reduce the belt switch and slipping, as 

well as the ingress of cargo onto the drum sur-

face. This all significantly improves conveyor 

operation and increases the operation technical 

and economic indicators. 

The ribbed surface of the drive drum pro-

vides an increase in coefficient of adhesion of 



 

MINING MACHINERY, TRANSPORT, AND MECHANICAL ENGINEERING 134 

the belt to the drum and the drive traction factor, 

while reducing the required belt tension [4], in-

creasing service life of the belt and its abutting 

joints. 

The main material used for a drive drum 

lining is rubber.  

A positive property of rubber is its very 

high elasticity. Rubber is amenable to large de-

formations, which are almost completely revers-

ible [5]. In addition, rubber is characterized by 

high tensile and abrasion resistance, gas and wa-

ter impermeability, chemical resistance, good 

electrical insulation properties, low density, low 

compressibility, and low thermal conductivity. 

Rubber, as a structural material, in a num-

ber of its properties significantly differs from 

metals and other materials. Distinctive features 

of rubber are: the ability to withstand significant 

deformations without fracture under the influ-

ence of an external load; small values of shear 

modulus, modulus of tension, compression mod-

ulus; strong influence of the duration of the ap-

plied load and the temperature factor on the 

stress – strain relationship; almost constant vo-

lume during deformation; almost complete re-

versibility of deformation; significant mechani-

cal losses in the process of cyclic deformation. 

However, rubber has low abrasion resis-

tance, low operation temperature range, low 

modulus of elasticity, and low hardness in rela-

tion to other materials [6].  

Polyurethanes are the most versatile mate-

rials available in practical use.  

Products made of polyurethane are up to 

50 times more wearproof than rubber, plastics, in 

some applications, nonferrous and ferrous met-

als. This durability often means that polyure-

thane parts require less material amount for 

manufacture and less maintenance, resulting in 

significant cost savings. 

Polyurethane is one of the most rigid 

(Shore 30–95) and the most abrasion-resistant 

elastomers, which are not subject to fracture un-

der loads [7]. It has high tensile strength and re-

sistance to incision advancement, resistance to 

chopping shocks. Products made of polyurethane 

retain their shape and mechanical properties after 

cyclic loads. 

Products made of polyurethane well with-

stand multiple bends without breaking.  

The product operation temperature range is 

from −50 to +80 °С, for a short time up to 

+100 °С. Polyurethane remains flexible at very 

low temperatures and has good resistance to 

thermal shock. 

Polyurethane has high allowable shear 

load, good adhesion to most materials, good 

chemical resistance to oils, petroleum, organic 

solvents. 

The use of polyurethane allows reducing 

the product weight by up to 50 %, reducing the 

level of vibration and system noise of operating 

mechanisms in comparison with metals [8]. 

2. Polyurethane wear test. With the aim of 

determining whether polyurethane can work as a 

lining material for a conveyor belt drive drum, 

tests were conducted to determine its mechanical 

and frictional properties.  

The essence of the testing is to determine 

friction coefficient of the material under study 
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against a counterbody made of steel, as well as 

wear under different loading conditions and 

speed modes.  

For testing, a SMT-1 friction machine was 

used [9]. 

Fig.1 shows the test arrangement. 

 

Fig. 1. Arrangement of the tribological technical tests:  

1 – polyurethane roller; 2 – Steel 45 roller 

 

 

 

 
 

Fig. 2. The plot of PU-60 polyurethane wear rate as function of load when rolling on steel: 

1 – 1.25 m/s; 2 – 0.4 m/s; 3 – 0.7 m/s; 4 – 1 m/s 
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Fig. 3. The plot of PU-80 polyurethane wear rate as function of load when rolling on steel: 

1 – 0.25m/s; 2 – 0.4 m/s; 3 – 1 m/s 

 

The testing was performed on samples of 

PU-60 and PU-80 polyurethane of sizes: 

Dinner = 16 mm; Douter = 40 mm; h = 10 mm. The 

testing device was a steel roller covered with the 

testing material.  

As a counterbody, a roller made of 

Steel 45 40 mm in diameter was used. 

The tests were carried out at speeds of 

0.25 m/s, 0.4 m/s, 0.7 m/s, 1 m/s and loads 

of 20N, 30N, 50N, 100N for each speed. 

After testing, the mass difference of the 

samples before and after the tests was calculated. 

The linear wear rate was determined using 

formula 

 
AS

m
Ih




 , (1) 

where m  – mass difference before and after 

the test, kg; 

 ρ – density of the test material (1715.74 

кг/м
3
); 

 A – friction surface area, m
2
; 

 S – slip path length, m. 

3. The influence of loading conditions on 

the friction and wear of polyurethane. 

It can be seen from the graph (Fig. 2) that 

with increasing the load, the strength of adhesive 

joints between the steel and polyurethane rollers 

increases. During friction, materials are damaged 

due to fatigue failure of surface layers [10]. The 

destruction occurs by separation, which is due to 

the gradual destruction of the macromolecule 

chains under the action of non-critical loads. 

Due to the fact that the speed increases, the 

temperature at the contact spots increases too 

that leads to increasing the strength of the 

formed adhesion joints. This explains the higher 

wear rate at higher speed. 

It is seen from the graph (Fig. 3) that on 

curves 1 and 3, the wear rate decreases. This is 

due to the fact that, as the load increase, a shift in 

the inner layers of polyurethane occurs. Internal 

elastic deformations arise [11], which do not 

reach the surface that leads to gradual decrease 

in the wear rate.  

Curve 1 (Fig. 3) decreases at a large angle 

due to the fact that the temperature effect affects 

to a lesser extent. 
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On curve 2 (Fig. 3), the dependence of the 

wear rate on the load is presented by a curve 

with a minimum. The wear rate decrease, same 

to curves 1 and 3, is due to the displacement of 

the inner layers. Increasing wear rate is con-

nected with increasing temperature in the contact 

zone.  

To select polyurethane suitable for drive 

drum lining, tribotechnical characteristics of the 

polyurethanes under study should be compared. 

It is seen from the graph (Fig. 4) that the 

lowest wear rate is demonstrated by the hardest 

PU-80 polyurethane. This is due to the fact that 

in solid polyurethane has stronger molecular 

bonds that does not allow breaking at high 

speeds and loads.  

4. Determination of static friction coeffi-

cient of polyurethane. Operation of a belt con-

veyor is based on the transfer of traction force by 

friction. The traction element of belt conveyors 

is a belt, which is also a load-carrying surface. 

Throughout the whole length the belt is sup-

ported by stationary rollers. Traction due to the 

adhesion of the belt with the drum is transmitted 

to the belt by a drive drum, rotation of which 

provided by an electric motor through a 

gearbox [12, 13]. The tensioning device provides 

the belt tension, which is extremely important for 

adhesion of the belt to the drum, to prevent slip-

ping of the belt on the drive drums and to limit 

the sag between the roller bearings. 

The movement of the belt on the drive 

drum surface should occur at optimum static 

friction coefficient value. This condition is re-

quired to minimize the conveyor belt wear. To 

determine the optimal value of static friction 

coefficient, tests were carried out, results of 

which are given in Table 1 [14]. 

 

 

Fig. 4. The plot of wear rate as function of the polyurethane hardness 

Table 1 

Data of tests for measuring static friction coefficient 

Polyurethane grade Static friction coefficient 

PU-60 1.04 

PU-80 0.67 
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Fig. 5. The bar chart of static friction coefficient for the polyurethane grades: 

1 – PU-60; 2 – PU-80 

 

 

Fig. 6. Arrangement of the tribological technical tests: 

1 – rubber roller; 2 – conveyor belt roller  

 

Table 2 

Rubber performance indicators 

Rubber compound 

grade 

Performance indicators 

Operating temperature range, °С Shore hardness, А 

IRP-1347 from −50 to 80 47…57 

REMAGRIP from −30 to 80 63 ± 5 
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The histogram of the polyurethane static 

friction coefficient (Fig. 5) shows that the stu-

died polyurethanes have the required value of 

static friction coefficient for the use as a lining 

material for a drive drum. Static friction coeffi-

cient value of PU-80 [15] is sufficient to use this 

material in the drive drum lining.  

Based on this we can conclude that the 

optimal material for the conveyor belt drive 

drum lining is PU-80. This polyurethane is dura-

ble. It demonstrated high hardness and wear re-

sistance. 

5. Rubber wear testing. The testing was 

performed on samples of the testing material 

of sizes: Dinner = 16 mm; Douter = 40 mm; 

h = 10 mm, representing a roller (Fig. 6). 

As the testing samples, we used rubber 

grades presented in table 2 [8, 16]. 

A roller 40 mm in diameter from the con-

veyor belt was used as counterbody. 

The tests were carried out 3 times at a 

speed of 1 m/s; the applied loads amounted to 

20N; 30H; 50H. After the testing, the arithmetic 

average of all the wear rate values was calculated 

and comparative charts were built.  

6. The influence of loading conditions on 

friction and wear of rubber 

It is seen from the graph (Fig. 7) that the 

wear rate increases with increasing the load. This 

is due to the influence of two factors [17]:  

 contact deformations of the surface rub-

ber layer increase and, as a result, the probability 

of fatigue failure of this layer increases.  

 the contact area of the mating parts in-

creases and a larger number of adhesive bonds is 

formed, accompanied by an increase in the fric-

tion coefficient. As a result, adhesive wear of 

rubber proceeds more intensively.  

As the speed increases, the temperature in 

the contact also increases that leads to the growth 

of the contribution of both wear types. 
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Fig. 7. The plot of the rubber grade wear rate as function of load at a speed of 1 m/s: 

1 – IRP-1347 rubber; 2 – "REMAGRIP" rubber 
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Fig. 8. The plot of wear rate as function of the rubber grade hardness: 

1 – REMAGRIP rubber; 2 – IRP-1347 rubber 

 

 

 

Fig. 9. The bar chart of static friction coefficient for the rubber grades: 

1 – IRP-1347; 2 – "REMAGRIP" 

 

 

 

Fig. 10. The plot of wear rate as function of the rubber hardness and as function of the polyurethane hardness : 

1 – IRP-1347 rubber; 2 – PU-80 
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It is seen from the graph (Fig. 8) that the 

lowest wear rate is demonstrated by IRP-1347 

rubber. This means that this rubber is less sus-

ceptible to wear than REMAGRIP rubber. This 

allows using IRP-1347 rubber in aggressive en-

vironments. 

The histogram of the rubber static friction 

coefficient (Fig. 9) shows that the studied rub-

bers have the required value of static friction 

coefficient for their use as the lining material for 

a drive drum. The static friction coefficient 

of IRP-1347 rubber is sufficient for using this 

material for drive drum lining [18].  

7. Comparison of tribotechnical characte-

ristics of rubber and polyurethane. As shown 

above, PU-80 polyurethane and IRP-1347 rubber 

used for lining the conveyor belt drive drum are 

less susceptible to wear. 

The diagram (Fig. 10) shows that 

polyurethane demonstrates the lowest wear rate. 

This is due to the highest resistance to increasing 

temperature and load. PU-80 can operate at the 

load of above 50 N, while IRP-1347 rubber at 

the load of above 50 N starts to deteriorate.  

Comparison the values of static friction 

coefficient of the studied materials shows that 

PU-80 has the lowest static friction coefficient. 

Thus, the best material for lining the 

drive drum is PU-80. 

The use of the polyurethane as a lining 

material allows to increase the maximum load on 

the product up to 4 times, and resistance to abra-

sive wear up to 10 times as compared to the rub-

ber. Polyurethanes are among of the most abra-

sion resistant materials [19, 20]. 

Conclusion 

1. Among all the tested polyurethane types, 

the maximum wear resistance is demonstrated by 

PU-80 grade polyurethane, which has the highest 

hardness, that ensures minimal contact deforma-

tions. Besides, this material has the required val-

ue of static friction coefficient. 

2. Of all the tested rubber types, the 

maximum wear resistance is demonstrated by 

IRP-1347 rubber.  

3. The comparison of the polyurethane and 

rubber showed that the best material for lining a 

conveyor belt drive drum is PU-80, since this 

material has the lowest wear rate compared to 

rubber, as well as the lowest static friction coef-

ficient. Thus, PU-80 is the most suitable material 

that allows to recommend it for use for drive 

drum lining. 
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Operating Load of Belt Conveyor as a Reflection of Actual Planogram of Coal 

Shearer Operation in Integrated-Powered Face 
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Abstract: Conveyor transport at a modern coal mine is the main link that determines the overall performance of the 

enterprise. For safe operation of belt conveyors, it is important to ensure that shift output per face doesn’t produce 

average and maximum minute material flows, which exceed strength margin of the belt, power margin of the drive, 

and receiving capacity. Such situation, as a rule, may arise due to the strive of workers to compensate for underpro-

duction caused by long downtimes of a face for any reason. In the paper, a method is proposed that enables deter-

mining the maximum shift output per face. According to the technique described in the “Basic Provisions for De-

signing Underground Transport of New and Existing Coal Mines,” the average minute material flow, which deter-

mines the operational load on a belt conveyor, depends on the material feed time factor. Accepting the assumption 

that a coal shearer works the entire shift in a face, the limiting value of the material feed time factor is equal to 1. To 

determine the actual value of this factor, it is proposed to determine the face operating (production) time using ac-

tual planogram. The shift time is spent for preparatory and finishing operations, the face equipment and conveyor 

line troubleshooting and failure recovery, auxiliary service operations and, finally, operational and organizational 

downtimes. On the actual planogram, these time intervals are displayed by straight-line portions. Thus, the shift 

time minus downtime for any reason, represents the face production time. The ratio of these values represents the 

operation factor. Applying the operation factor allows to determine the maximum limiting face production, not only 

taking into account the volume of coal mined per cycle, but also based on coal cuttability and technical specifica-

tions of the face equipment. This enables us to determine the face production load that ensures safe operation of the 

belt conveyor. 

Keywords: belt conveyor, output per face, average and maximum minute material flows, material feed factor, con-

veyor operating load, operation factor, down-time. 

For citation: Yurchenko V. M. Operating load of belt conveyor as a reflection of actual planogram of coal shearer 

operation in integrated-powered face. Mining Science and Technology. 2019;4(2):144-149 (In Russ.). DOI: 

10.17073/2500-0632-2019-2-144-149. 

 

Эксплуатационная нагрузка ленточного конвейера 

как отражение действительной планограммы работы комбайна 

в комплексно-механизированной лаве 

Юрченко В. М. 

«Кузбасский государственный технический университет имени Т. Ф. Горбачева» (КузГТУ), 

Кемерово, Россия, yvm@kuzstu.ru 

Аннотация: Конвейерный транспорт на современной угольной шахте является главным звеном, опреде-

ляющим эффективность работы предприятия в целом. Для безопасной эксплуатации ленточных конвейеров 

важно, чтобы от сменной нагрузки на лаву не возникали средний и максимальный  минутные грузопотоки, 

при которых не обеспечиваются запас прочности ленты, запас мощности привода и приемная способность. 

Такая ситуация, как правило, возникает при стремлении работающих компенсировать потерю добычи по-

сле длительных простоев лавы по любой причине. В рамках статьи предложен инструментарий, позволяю-

щий определять максимальную сменную нагрузку на лаву. Согласно методике, изложенной в «Основных 

положениях по проектированию подземного транспорта новых и действующих угольных шахт», средний 

минутный грузопоток, определяющий эксплуатационную нагрузку на ленточный конвейер, зависит от ко-

эффициента  времени поступления груза. Если принять допущение, что комбайн в лаве работает всю смену, 

предельная величина коэффициента  времени поступления груза равна единице. Для определения действи-
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тельной величины этого коэффициента предлагается определять время работы лавы по добыче по действи-

тельной планограмме. Время смены тратится на выполнение подготовительно-заключительных операций, 

на устранение неисправностей и отказов оборудования лавы  и конвейерной линии, на выполнение вспомо-

гательных операций по обслуживанию и, наконец, на эксплуатационные и организационные простои. На 

действительной планограмме эти промежутки времени отражены прямолинейными участками. Таким обра-

зом, время смены за вычетом  времени простоев по любым причинам, представляет  время работы лавы по 

добыче. Отношение этих величин представляет собой коэффициент эксплуатации. Использование коэффи-

циента эксплуатации позволяет определять предельную нагрузку на лаву не только с учетом объема угля, 

добываемого за цикл, но и с учетом сопротивляемости угля резанию, с учетом технических параметров за-

бойного оборудования. Это дает возможность определять эксплуатационную нагрузку, обеспечивающую 

безопасную работу ленточного конвейера. 

Ключевые слова: ленточный конвейер, нагрузка на лаву, средний и максимальный минутный грузопото-

ки, коэффициент поступления груза, эксплуатационная нагрузка на конвейер, коэффициент эксплуатации, 

время простоев. 

Для цитирования: Юрченко В. М. Эксплуатационная нагрузка ленточного конвейера как отражение дей-

ствительной планограммы работы комбайна в комплексно-механизированной лаве. 

Горные науки и технологии. 2019;4(2):144-149. DOI: 10.17073/2500-0632-2019-2-144-149. 

 
Conveyor transport, being the core trans-

port facility, determines mine effectiveness. Ra-

tional and safe operation of conveyor transport is 

ensured only with a shift load meeting that given 

in the "Face operation certificate of excavation 

section." However, in a real-life situation, a need 

arises to increase a face load per shift to com-

pensate for losses of production due to long 

downtime for any reason [1, 3–11]. Therefore, 

the maximum allowable face load per shift 

should be determined, the excess of which leads 

to emergency conditions when operating con-

veyor transport. 

This paper proposes an instrumentarium al-

lowing determining the maximum face load per 

shift, which ensures safe operation of conveyor 

transport. For this, two conditions must be ob-

served: 

 the maximum minute flow of a coal 

shearer should not exceed the receiving capacity 

of a belt conveyor, 

 the belt conveyor operational load due to 

the face load per shift, should provide strength 

margin of the belt and power margin of the drive.  

The belt conveyor operational load de-

pends not only on the face load per shift, but also 

on the time during which the load arrives on 

the conveyor. According to the methodology [2], 

the operational load is determined by the formu-

la, t/h, 

  tkaQ
n 11э 60 , 

where 
 

псм

см
1

601 kT

A
a

n
 – is the average minute 

load flow, t/min; tk  – the estimated load factor, 

taking into account the uneven load flow during 

the load passage along the entire length of the 

conveyor; пk  – the load (material) feed time fac-

tor (governed by time of feeding the material on 

a belt conveyor). 

The load is fed on a belt conveyor mainly 

during coal cutting and face cleanup during a 

shearer operation by one-sided scheme; there-

fore, factor пk  is determined by the formula  
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In the case when an attempt is made to 

increase the face load per shift in order to 

compensate for production losses due to 

unforeseen downtime, the load feed (on a belt 

conveyor) time factor can be taken equal to 

unity. It should be borne in mind that the shift 

time cannot be fully used for a face production 

time. The shift time is spent for preparatory and 

finishing operations, the face equipment and 

conveyor line troubleshooting and failure 

recovery, auxiliary service operations and, 

finally, operational and organizational 

downtimes. On an actual planogram, these time 

intervals are recorded in rectilinear horizontal 

sections (Fig. 1). 

Thus, the shift time minus downtime for 

any reason represents a face production time  

Tрл = Tсм – Tпз – Tун – Tво –…– Tэо , min. 

The ratio of a face production time per 

shift to the shift time is called the factor of an 

integrated-powered face and the conveyor line 

equipment operation kэкс: смрлэкс T/Tk   or 

сутсмрлэкс T/NTk  . 

 

 

 
 

 

Fig. 1. Actual planogram of face operation 
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Fig. 2. The dependence of the number of cycles per shift on the operation factor kэкс at the cycle time of 65.2 minutes 

by the example of 52-13 face 

 

The operation factor obtained by this way 

reflects not only mining and geological condi-

tions (seam thickness, coal density in the solid, 

coal cuttability, face length), but also the equip-

ment technical specifications (working width, 

power of electric motors of the shearer's working 

members, the possible feed rate when cutting and 

at cleanup. In addition, the equipment condition 

(downtime due to failures, time spent on trouble-

shooting, as well as the staff skills and compe-

tence (the time spent for face preparatory and 

finishing operations and operational and organi-

zational downtimes). 

Based on these assumptions, we obtain the 

expression 

,
60

1 ц

экссм

зп N
kT

tt 
  

which allows determining the number of cycles 

per shift based on the time of a cycle performed 

by a shearer: 

.
60

зп

экссм
цт

tt

kT
N




 

The obtained dependence, taking into ac-

count the real-life factor of the integrated-

powered face and conveyor line specific equip-

ment operation, allows to accurately plan a shift 

load. 

At the same time, technologists, planning 

the face load per shift, determine the number of 

cycles per shift based on the amount of coal per 

cycle 

.
цоз

см
цу




mbL

A
N

 

Ultimately, in order for the calculations to 

reflect reality, it is necessary to comply with the 

condition  

.NNN цуцтц 
 

The achievement of this equality is facilitated by 

using the operation factor obtained based on 

treatment of the actual planogram (see Fig. 1). 

Based on this equality, the actual load per 

shift should be determined by the formula, t, 
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Operation factor of the face equipment and conveyor line 
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Conclusions  

Applying the operation factor obtained 

based on treatment of the actual operation plano-

grams for integrated-powered face and conveyor 

line equipment allows to accurately determine 

and plan a maximum face load per shift, taking 

into account: 

 volume of coal mined per cycle,  

 coal cuttability, 

 technical specifications of the face 

equipment, 

 staff competence, 

 achieved workflow management sophis-

tication level. 

This enables determining the face produc-

tion load that ensures safe operation of the belt 

conveyor. 
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Пути снижения потерь электроэнергии 

в питающих горные предприятия линиях 

Анциферов Н. С. 

«СК КаскадСтрой», Москва, Россия, nikita-anciferov@rambler.ru 

Аннотация: Электрическая энергия является наиболее удобным и универсальным видом энергии. 

Ее можно производить в больших количествах вблизи источников энергии, передавать на большие 

расстояния, легко распределять между потребителями и преобразовывать в механическую, тепло-

вую и световую энергии. Обеспечение надежного и экономичного энергоснабжения электроэнер-

гией заданного качества предприятий горной промышленности при наиболее эффективном ис-

пользовании энергетических ресурсов является одной из важнейших задач, стоящих перед энерге-

тиками страны. В Российской Федерации достигнута высокая степень концентрации мощностей 

на электрических станциях. Основные мощности сосредоточены на электростанциях с установ-

ленной мощностью более 1 млн кВт. Высокий уровень значимости электроэнергетики определяет-

ся инфраструктурным характером отрасли и прямой зависимостью между экономическим ростом 

страны и уровнем эффективности ее развития. Одной из наиболее актуальных проблем современ-

ного электроснабжения является проблема обеспечения качества электроэнергии. Основная при-

чина ухудшения качества электроэнергии – широкое распространение нелинейных нагрузок, соз-

дающих при своей работе токи несинусоидальной формы, несимметрия напряжений. Несимметрия 

напряжений вызывается чаще всего наличием несимметричной нагрузки. Несимметричные токи 

нагрузки, протекающие по элементам системы электроснабжения, вызывают в них несимметрич-

ные падения напряжения. Вследствие этого на выводах ЭП появляется несимметричная система 

напряжений. Отклонения напряжения у ЭП перегруженной фазы могут превысить нормально до-

пустимые значения, в то время как отклонения напряжения у ЭП других фаз будут находиться 

в нормируемых пределах. Кроме ухудшения режима напряжения у ЭП, при несимметричном ре-

жиме существенно ухудшаются условия работы как самих ЭП, так и всех элементов сети, снижа-

ется надежность работы электрооборудования и системы электроснабжения в целом. В статье рас-

сматриваются вопросы снижения потери напряжения питающих электрических сетей посредством 

улучшения качества электроэнергии. 

Ключевые слова: качество электроэнергии, энергоэффективность, нелинейная нагрузка, высшие 

гармоники, несимметрия нагрузки, потери мощности, отклонения напряжения. 

Для цитирования: Анциферов Н. С. Пути снижения потерь электроэнергии в питающих горные 

предприятия линиях. Горные науки и технологии. 2019;4(2):150-156. DOI: 10.17073/2500-0632-

2019-2-150-156. 

Ways to Reduce Power Losses in Mining Power Supply Lines 

N. S. Antsiferov 

Leading Design Engineer "SK Kaskadstroy", Moscow, Russia, nikita-anciferov@rambler.ru 

Abstract: Electric energy is the most common and universal form of energy. It can be produced in large 

quantities near energy sources, transmitted to large distances, easily distributed between consumers and 

converted into mechanical, thermal, and light energy. Ensuring reliable and economical quality electric 

energy supply to mining enterprises with the optimal use of energy resources is one of the most important 

tasks facing the country's energy sector. In the Russian Federation, high degree of concentration of gene-

rating capacities at power plants has been achieved. The main capacities are concentrated in power plants 
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with installed capacity of more than 1 million kW. High importance of the electric power industry is de-

termined by the infrastructural nature of the industry and the direct relationship between the country's 

economic growth and the level of its development effectiveness. One of the most pressing problems of 

modern electricity supply is the problem of ensuring the quality of electric energy. The main reason for 

the deterioration in the electricity quality is widespread non-linear loads that create non-sinusoidal cur-

rents and voltage unbalance during their operation. The voltage unbalance is most often caused by the 

presence of an unbalanced load. Unbalanced load currents flowing through the elements of the power 

supply system cause unbalanced voltage losses in them. This results in appearance of unbalanced voltages 

on the terminals of electric apparatus. The voltage deviations at electric apparatus overdriven phase may 

exceed the normally acceptable values, while the voltage deviations at electric apparatus other phases may 

remain within the normal limits. In addition to the deterioration of the voltage mode at electric apparatus 

under the unbalanced voltage conditions, the operating conditions of both the electric apparatus and all the 

network elements are significantly worsened, and the reliability of the electrical equipment and the power 

supply system as a whole decreased. The paper considers the issues of reducing the voltage losses in pow-

er supply networks by improving quality of electric power. 

Keywords: quality of electric power, energy performance, nonlinear load, higher harmonics, load unbal-

ance, power losses, voltage deviation. 

For citation: Antsiferov N. S. Ways to reduce power losses in mining power supply lines. Mining Science 

and Technology. 2019;4(2):150-156 (In Russ.). DOI: 10.17073/2500-0632-2019-2-150-156. 

Высокий уровень значимости электро-

энергетики определяется инфраструктурным 

характером отрасли и прямой зависимостью 

между экономическим ростом страны и уров-

нем эффективности ее развития. В РФ сложи-

лась неблагоприятная ситуация с потребле-

нием энергоресурсов: по данным Междуна-

родного энергетического агентства, энерго-

емкость ВВП (внутренний валовой продукт) 

России в 2,5 раза выше среднемирового 

уровня и в 2,5–3,5 раза выше, чем в развитых 

странах: в целом по стране около 35–40 % 

всех потребляемых топливно-энергетических 

ресурсов (ТЭР) расходуется без отдачи, 

неэффективно: только прямые потери топ-

ливно-энергетических ресурсов достигают 

25–30 %. Вследствие этого возрастает себе-

стоимость производимой продукции, снижа-

ется ее конкурентоспособность, увеличива-

ются ежегодные затраты на поддержание в 

работоспособном состоянии и развитие ТЭК, 

возрастают издержки населения, бюджетной 

сферы и производственного сектора на по-

требляемые топливно-энергетические ресур-

сы. Все это приводит к снижению энергоэф-

фективности экономики в целом [10].  

Если ранее источники искажения каче-

ства электроэнергии, кроме частоты и откло-

нения напряжения, были присущи только 

промышленным потребителям и потребите-

лям, приравненным к ним, то сейчас они ак-

тивно появляются и у других видов потреби-

телей [2]. 

Одним из эффективных мероприятий по 

энергосбережению, позволяющих экономить 

до 40–50 % электроэнергии, является исполь-

зование частотно-регулируемых приводов в 

котельных, насосных, в том числе и систем 

горячего водоснабжения зданий, сооружений, 

а также в технологических установках пред-

приятий, осуществляющих регулируемые ви-

ды деятельности [11].  

Низкое качество электроэнергии – по-

тенциал энергосбережения. Общеизвестно, 

что низкое качество электроэнергии приводит 

к увеличению потерь электроэнергии, а сле-

довательно, к снижению энергетической эф-

фективности электрических сетей. Необхо-

димо определить, насколько велика доля по-

терь электроэнергии от низкого качества 

электроэнергии и есть ли смысл рассматри-

вать их как потенциал энергосбережения. В 
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электрических сетях среднего напряжения с 

мощными источниками высших гармоник 

технические потери мощности в силовых 

трансформаторах связи с энергосистемой су-

щественно увеличиваются [4]. При коэффи-

циенте искажения синусоидальности кривой 

напряжения, равном 5 % у коммунально-

бытовых потребителей, питающихся от сети 

0,4 кВ, они составляют 15 % нагрузочных по-

терь в силовом трансформаторе, а при коэф-

фициенте искажения синусоидальности кри-

вой напряжения 10 % эти потери увеличива-

ются от 20 до 60 %. 

В качестве примера в табл. 1 приведены 

значения дополнительных потерь в силовом 

трансформаторе ТДН-16000/110 при сле-

дующих значениях показателя качества элек-

трической энергии (ПКЭ): K2U = 4 %; 

KU5 = 5 %; KU7 = 7 %; KU11 = 3 %; KU13 = 1 %. 

Потери определялись по методике, приведен-

ной в [4]. Здесь указана доля дополнительных 

потерь (в %) относительно номинальных по-

терь [3]. 

Таблица 1 

Дополнительные потери при искажении качества электрической энергии в силовом трансформаторе 

Additional losses due to distortion of the quality of electric power in a power transformer 

Параметр качества электро-

энергии 

Нагрузочные потери Потери холостого хода Суммарные потери 

% кВт % кВт % кВт 

Несимметрия напряжения 14,5 12,325 0,16 0,03 11,9 12,355 

Несинусоидальность 

напряжения 
8,86 7,53 0,84 0,16 7,39 7,69 

 

В синхронных и асинхронных двигате-

лях – доля таких потерь может достигать 15–

20 % в зависимости от соотношения показа-

телей качества электроэнергии. Приведенные 

примеры свидетельствуют о том, что допол-

нительные технические потери электроэнер-

гии, вызываемые низким качеством электро-

энергии, можно рассматривать в качестве по-

тенциала энергосбережения [2]. 

Низкое качество электроэнергии приво-

дит и к появлению дополнительных метроло-

гических потерь электроэнергии, которые не 

учитываются в оценке экономической эффек-

тивности при установке приборов учета элек-

троэнергии. Как известно, в зависимости от 

расположения источника несинусоидально-

сти или несимметрии напряжений и токов в 

сети возможен как недоучет, так и переучет 

отпущенной или потребленной электроэнер-

гии. 

Последовательность решения задачи 

повышения энергоэффективности элек-

трических сетей путем улучшения качест-

ва электроэнергии [1] 

Первым этапом ее решения является 

выявление источников искажения качества 

электроэнергии и мест их расположения. Это 

возможно сделать следующими путями: энер-

гоаудитом, контролем качества электроэнер-

гии, расчетно-аналитическим путем. Затем по 

типу источников искажения определяются 

параметры качества электроэнергии и показа-

тели качества электроэнергии, которые их 

описывают, либо измерениями, либо расче-

том [7].  

Производится расчет потенциала энер-

госбережения, обусловленного низким каче-

ством электроэнергии в зависимости от его 

структуры. Далее выбираются узлы сети для 

реализации мероприятий по улучшению ка-

чества электроэнергии. Для выбранных узлов 

вначале определяется возможность примене-

ния организационных мероприятий как мало-

затратных, выбираются организационные ме-

роприятия, набор которых зависит от показа-

телей качества электроэнергии, не удовлетво-

ряющих требованиям действующего стандар-

та на качество электроэнергии, производится 

оценка их экономической эффективности 
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и определяется доля реализованного потен-

циала энергосбережения, т.е. процент сниже-

ния потерь от низкого качества электроэнер-

гии [1]. 

Для тиражирования мероприятий, на-

правленных на повышение энергоэффектив-

ности сетей с низким качеством электроэнер-

гии, целесообразно разработать типовые ме-

роприятия по аналогии с существующим пе-

речнем типовых мероприятий по энергосбе-

режению и повышению энергетической эф-

фективности и создать библиотеку таких ме-

роприятий [8].  

Каждое мероприятие рекомендуется 

описывать в следующем порядке: аннотация, 

назначение мероприятия, тип мероприятия, 

область применения, краткая характеристика 

мероприятия, нормативные документы, мето-

дика оценки экономической эффективности, 

инструкция к применению [3]. 

Производство электрической энергии 

(ЭЭ) во всѐм мире неуклонно повышается, 

что обусловлено всѐ возрастающим еѐ по-

треблением в различных отраслях хозяйст-

венной деятельности человечества. Так, 

к 2020 г. количество производимой в мире 

ЭЭ должно вырасти до 30 трлн кВт∙ч, что 

соответствует темпам роста производства 

до 2,5–3 % в год в среднем. 

Современная система электроснабжения 

является довольно сложным физико-

техническим объектом и неотъемлемой ча-

стью Единой энергетической системы стра-

ны, регионов. В нынешней экономической 

ситуации вопрос рационального использова-

ния топливно-энергетических ресурсов стоит 

особо остро. При этом для получения наи-

большей эффективности их использования 

необходимо рассмотреть весь процесс – от 

добычи первичных энергоресурсов до их по-

требления. 

Электрическая энергия как сертифици-

руемая продукция обладает целым рядом 

особенностей, в числе которых неразрыв-

ность и одновременность процессов произ-

водства и потребления, когда искажающее 

влияние на показатели качества электроэнер-

гии может быть оказано как электроприѐмни-

ками потребителя, так и принесено извне в 

виде кондуктивной электромагнитной поме-

хи, распространяемой по общей электриче-

ской сети. 

Учѐт электроэнергии состоит из опре-

деления произведѐнного еѐ количества, коли-

чества электроэнергии, потреблѐнной элек-

троприѐмниками, а также количества элек-

троэнергии, потерянной при еѐ передаче. 

Электроэнергия является единственным 

видом продукции, транспортировка которой 

осуществляется за счѐт расхода определѐнной 

части самой продукции, то есть потери элек-

троэнергии при еѐ передаче неизбежны.  

Первоочередной задачей экономии ТЭР 

электроэнергетики является снижение потерь 

электроэнергии в электрических сетях, кото-

рые достигают 15–20 % от общего отпуска 

электроэнергии. 

Анализ структуры потерь электроэнер-

гии в действующих электрических сетях по-

казывает, что потери в линиях 0,38 кВ со-

ставляют 31,33 % от общих потерь. С учѐтом 

потерь электроэнергии в трансформаторах 

10/0,4 кВ потребительских ТП потери в элек-

трических сетях 0,38 кВ составляют более 

50 % от общих потерь. Поэтому снижение 

потерь электроэнергии в сетях 0,38 кВ позво-

лит добиться снижения общих потерь в элек-

трических сетях. 

Исследованиями установлено, что в се-

тях с коммунально-бытовыми и смешанными 

нагрузками возникает значительная несим-

метрия токов, т.е. режимы работы сельских 

сетей 0,38 кВ являются объективно несим-

метричными. Несимметрия токов в сети вы-

зывает несимметрию напряжений на зажимах 

трѐхфазных электроприѐмников, которая во 

многих случаях превышает в 2–2,5 раза до-

пустимое ГОСТ 13109–97 значение. При ве-

личине коэффициентов несимметрии токов 

обратной и нулевой последовательности в 

сети, равной 25–30 %, потери мощности и 

электрической энергии в линиях 0,38 кВ и 
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трансформаторах потребительских ТП воз-

растают на 30–50 % по сравнению с симмет-

ричным режимом работы. 

Кроме того, несимметрия токов и на-

пряжений в сетях приводит к увеличению в 

узлах нагрузки отклонения напряжения от 

допустимого значения, сокращению срока 

службы электродвигателей агропромышлен-

ного комплекса и другим негативным явле-

ниям в сетях и приѐмниках электроэнергии. 

Работа распределительных сетей с по-

стоянной несимметрией нагрузки является 

причиной довольно значительного ущерба в 

хозяйственной деятельности. Это определя-

ется дополнительными потерями электро-

энергии в сетях и нагрузке, с одной стороны, 

и снижением эффективности использования 

оборудования и сокращением срока службы 

электрических установок – с другой. 

Анализ проблемы несимметрии в сетях 

0,38 кВ показал, что существующие методы 

расчѐта показателей несимметрии и потерь 

электроэнергии в этих сетях не позволяют 

установить закономерности их изменения от 

параметров нагрузки и сети, провести анализ 

потерь при различных режимах работы элек-

троприѐмников и разработать наиболее эф-

фективные способы и средства снижения не-

симметрии и обусловленных ею потерь, так 

как в этих методах несимметрия токов в сетях 

учитывается приближѐнными способами. 

Кроме того, большинство научных работ не 

рассматривают проблему качества электриче-

ской энергии в целом. Так, например, повы-

шение качества напряжения за счѐт снижения 

уровня несимметрии напряжений рассматри-

валось в отрыве от проблемы снижения по-

терь мощности и энергии в сети, и, наоборот, 

вопросы снижения потерь не затрагивали 

проблему несимметрии напряжений. Вместе с 

тем, до настоящего времени не разработаны 

общие методы расчѐта сетей с несимметрич-

ными рассредоточенными нагрузками. От-

сутствие комплексности в подходе к реше-

нию проблемы несимметрии приводило в от-

дельных случаях к недостаточно верным вы-

водам и рекомендациям по способам и сред-

ствам для снижения потерь электроэнергии в 

сетях 0,38 кВ, обусловленных несимметрией 

токов. 

Недостаточность знаний об уровне не-

симметрии токов и напряжений в низко-

вольтных сетях 0,38 кВ, а также о способах и 

технических средствах еѐ снижения, не по-

зволяют составить достоверной картины о 

действительном характере изменения потерь 

электрической энергии в этих сетях, а без 

этого невозможно разработать и применить 

на практике мероприятия по снижению по-

терь электрической энергии и повышению еѐ 

качества. 

Таким образом, решение задач энерго-

сбережения и улучшения качества электриче-

ской энергии в низковольтных сетях 0,38 кВ 

тесно связано с проблемой снижения несим-

метрии токов в этих сетях. Поэтому актуаль-

ным и своевременным является рассмотрение 

вопросов, связанных с разработкой способов 

снижения несимметрии токов и подготовкой 

практических рекомендаций по эффективно-

сти использования МСП. 

Выводы 

1. Показана целесообразность исполь-

зования в качестве типовых мероприятий, на-

правленных на повышение энергоэффектив-

ности электрических сетей, мероприятия по 

улучшению качества электроэнергии. 

2. Разработан порядок реализации по-

тенциала энергосбережения в электрических 

сетях, обусловленного низким качеством 

электроэнергии. 

3. Предложено создать библиотеку ти-

повых мероприятий по повышению энерго-

эффективности электрических сетей путем 

улучшения качества электроэнергии, и пока-

зана методика ее реализации. 
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