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 A steady trend of growing open pit depths and the corresponding increase in the hauling distance in the world practice of
open-cast mining have determined the main direction of the development of mining dump trucks towards enhancing their
carrying capacity, which leads to an increase in the capacity of a power plant, weight-size parameters of the engine, and the 
quantity of the fuel consumed.  In winter, the preparation of a diesel engine for the start-up with a special heating system at 
the air temperature of –40 °C takes up to 40–50 min. Due to the problems of starting the engine at low temperatures, diesel 
engines are often not shut off during the entire winter period, resulting in the engine eoveraging, significant
overconsumption of fuel and an increase in exhaust emissions.  
The main advantages of gas turbine engines include high efficiency at loads close to nominal, high aggregate capacity combined 
with low weight and dimensions (energy consumption is 1000–3000 kW/m3, 1000–2000 kW/t), high maneuverability and readiness 
for action (preparation for action takes 10-15 minutes with the start-up time of 120-180 s), adaptability to automation, high 
reliability, relatively simple design and maintenance, high manufacturability, possibility of aggregate repair, easy and reliable start-
up at low temperatures and lower exhaust emissions. The specific gravity of a gas turbine engine is much less and does not exceed 
25-30% of a piston engine weight, making it possible to lighten the engine frame and increase the load capacity of the dump truck. 
The power-to-size ratio of a gas turbine engine is also higher than that of a piston-type one, therefore the former is characterized by a 
2-3-fold reserve in terms of space in the engine compartment of the dump truck. Besides, the gas turbine engine can work for a long 
time in the conditions of high dust, use cheaper gas fuel and requires practically no oil. 
Low weight and compact size, the option of getting high capacity in a single unit and remote control, along with easy and
reliable start-up at low temperatures make gas turbine engines very attractive for use on heavy-duty mining dump trucks, 
road trains with active trailers and semi-trailers, especially in the northern and arctic areas.   
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 Устойчивая тенденция роста глубины карьеров и соответствующего увеличения плеча откатки в мировой практике
открытой разработки месторождений определили главное направление развития карьерных самосвалов –
повышение их грузоподъемности, что приводит к увеличению мощности энергосилового агрегата,
массогабаритных показателей двигателя, количества потребляемого топлива. В зимний период подготовка
дизельного двигателя со специальной системой подогрева при температуре воздуха –40 оС к пуску составляет
40–50 мин. Из-за проблем запуска двигателя при низких температурах дизели часто не глушатся в течение всего
зимнего периода, вследствие чего вырабатывается ресурс двигателя, происходит значительный перерасход топлива
и увеличение объемов выбросов выхлопных газов. 
Основными преимуществами газотурбинных двигателей являются высокая экономичность при нагрузках, близких к
номинальной, большие агрегатные мощности при малых массе и габаритах (энергоемкость составляет 1000–3000 кВт/м3, 
1000–2000 кВт/т), высокая маневренность и готовность к действию (приготовление к действию – 10–15 мин, время 
запуска – 120–180 с), приспособленность к автоматизации, высокая надежность, относительная простота конструкции и 
обслуживания, высокая технологичность, возможность агрегатного ремонта, легкий и надежный пуск при низких
температурах и более низкая токсичность выхлопных газов. Удельная масса газотурбинного двигателя значительно 
меньше и не превышает 25–30 % массы поршневого двигателя, что позволяет облегчить моторную раму и повысить
грузоподъемность самосвала. Габаритная мощность газотурбинного двигателя также выше, чем у поршневого, поэтому
для первого характерен 2–3-кратный запас по габаритам пространства в моторном отсеке самосвала. Кроме того,
газотурбинный двигатель позволяет длительно работать в условиях высокой запыленности воздуха, использовать более
дешевое газовое топливо и практически исключить расход масла. 
Малая масса и компактные размеры, возможность получения большой мощности в одном агрегате и
дистанционного управления, наряду с его легким и надежным пуском при низких температурах, делают
газотурбинные двигатели весьма привлекательными для использования на большегрузных карьерных самосвалах, 
автопоездах с активными прицепами и полуприцепами, особенно в северных и арктических районах.
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Introduction 
 

A steady trend of growing open pit depths and 
the corresponding increase in the hauling distance in 
the world practice of open-cast mining have 
determined the main direction of the development of 
mining dump trucks towards enhancing their carrying 
capacity, which is currently set back by the engine 
capacity and tire characteristics. In the period 1950–
2015, the carrying capacity of the mining dump 
trucks increased almost 14 times [1]. At the moment, 
manufactured mining dump trucks include 
Caterpillar 797F (2009) and Liebherr T 284 (2012) 
with the carrying capacity of 363 tons, Komatsu 
980E-4 (2016) and XCMG XDE400 (2015) with the 
carrying capacity of 400 tons, BelAZ-75710 (2013) 
with the carrying capacity of 450 tons (the biggest 
truck in the world). Further growth of the carrying 
capacity of the mining dump trucks drives an 
increase of the capacity of the power plant, weight-
size parameters of the engine, and, therefore, the 
volume of the engine compartment.  

The capacity of the power plants of the modern 
mining dump trucks BelAZ, Liebherr, Terex, 
Caterpillar, Komatsu, Hitachi, Sanyi, XCMG 
generally does not exceed 2000 kW with the 
carrying capacity of no more than 250 tons. The 
mining dump trucks with the carrying capacity over 
250 tons usually deploy two engines, or an engine 
with increased dimensions (with 18, 20 cylinders). 
At the same time, the ratio of the engine’s power to 
the carrying capacity of the dump truck declines 
from 10 to 7.5 kW/t. Similarly, power-to-weight 
ratio also declines from 6,9 to 3,7 kW/t, while the 
specific consumption of materials (the ratio of the 
weight of an empty dump truck to the engine 
capacity) is increased from 54,4 to 122,0 kg/kW. 
The increase of the engine power drives an increase 
of the consumed fuel and exhaust emissions to the 
atmosphere. The increase of the production volumes 
also contribute to the power consumption and 
increased exhaust volumes. 

The analysis of the open-cast mining 
development in the fields of Russia shows their 
gradual shift to the remote northern areas with an 
increase of the mining pits’ depth to 500–600 m. 
We know from practical experience that for each 
100 m of the mining depth the cost of 
transportation of the rock increases by 20–30 %, 
while the environmental situation in the mining pit 
deteriorates [2, 3–6]. 

The movement of the mining dump trucks in case 
of mining pit depth of over 200 m goes along a 
serpentine road with steep grades. Due to a high 
ascending angle, the engine of the dump truck is 
loaded to the full capacity at a low movement speed, 
increasing the volumes of toxic substances exhaust 
and the fuel consumption by 2-3 times. 

As the horizon lowers, the terms of natural 
ventilation of the working area deteriorate, causing 
the exhaust gases to accumulate in the mining pit. 
When this polluted air gets into a running engine, it 
results in the incomplete combustion of fuel and, 
therefore, increased consumption of motor fuel and 
higher volume of exhaust gases. This additionally 
impairs the environmental situation, poses a threat to 
the health of the working staff and has a significant 
influence on the work productivity due to the 
increased pauses in the work caused by the mining 
pits’ gas pollution [3, 7–10]. 

Lately, more stringent requirements apply to the 
vehicles’ engines in terms of reduction of the level 
of exhaust gases’ toxicity. The main controlled 
toxic components of the engines’ exhaust gases are 
the carbon oxide, nitrogen oxide and hydrocarbons. 
Their content is primarily determined by the 
quantity of oxygen present in the engine’s 
combustion camera, that is, the excess air ratio and 
a number of other factors.  

The purpose of this paper is to analyse the 
possibility of using gas-turbine engines for mining 
dump trucks in the conditions of the north. 

The long-standing environmental problem of 
open-cast mining operations is further complicated 
by high transportation costs as a result of continuing 
growth of motor fuel prices. The deficit of liquid oil 
motor fuel and high air pollution with its combustion 
products caused the necessity to look for alternative 
fuels. At the moment, natural gas is acknowledged to 
be the only economically justified alternative fuel 
that can be used as a motor fuel without any 
processing, except for the compulsory technological 
stage of gas production and transportation. 

According to the forecasts, natural gas will 
become the main motor fuel in the nearest term 
[11–14]. Currently, the world engine 
manufacturing is considering the opportunities to 
extend the use of natural gas. Natural gas is used 
as a motor fuel in the form of liquefied 
hydrocarbon gas, liquefied natural gas and 
compressed natural gas. The advantage of using 
gas motor fuel consists in the low level of harmful 
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emissions to the atmosphere and relatively low 
production costs. 
 

Research Methodology 
 

As early as in 1969, BelAZ created a 120-ton 
gas-turbine truck BelAZ-459V with a turbine of 
1200 hp (produced in Yaroslavl), and in 1970, the 
State Committee for Science and Technology 
approved a plan of gas-turbine engines’ implementa-
tion: it involved GAZ, MAZ, MoAZ, BelAZ and 
KrAZ. In the city of Gorky, a family of gas-turbine 
engines GAZ-99 with the capacity of up to 250 hp 
was created. In 1973, the first gas turbine MAZ was 
constructed, and then KrAZ-260 appeared. GAZ 
brought the aggregate’s capacity to 350 hp. The turbine 
required a bulky reduction gearbox: the axle rotated 
with a speed of 35 thousand rpm, which no 
transmission can endure. As USSR didn’t have any 
suitable gearboxes and coupling engagements, they 
were bought from Hungary. The resulting engine 
weighed half as much as a customary diesel engine 
for heavy-duty trucks produced by the Yaroslavl 
Motor Plant, the exhaust was 3-6 times cleaner, and 
the fuel consumption in nominal modes was as much 
as 20 % lower than that of the diesel engine. It is 
known that the truck has gone 2500 km, and most 
problems were caused by the Hungarian 
transmission: as specified in the book about the 
plant’s history, it “didn’t stand up to criticism”. 
In 1976, the second specimen was designed, and the 
aggregate was made more compact. At the same time, 
the capacity was increased by another 10 hp, and the 
fuel consumption in the steady condition was very 
modest – 1,4 times less than that of the diesel engine. 
However, in the transition modes (drive/brake) the 
fuel consumption was great. Other quite evident 
issues added up to this one: the dynamics left much 
to be desired and the transmission continued to 
break. Despite many merits of the gas-turbine engine, 
its only disadvantage – the fuel consumption – set 
back all the advantages. This  was ethe end to the 
experiments.  

In the last 50 years, new materials and 
technologies appeared in the engine-building 
industry. Today, gas turbine engines are widely 
used in the aviation [15], ship-building [16–18], 
gas- and oil-pumping units [19, 20], and are also 
being tried on the railway transport [21, 22]. 
Lately, the interest to the use of gas turbine 
engines for the power plants of the ground 

transport has revived. This is confirmed by the 
efforts of Kurganmashzavod LLC (promising IFV 
Knight (Rytzar)), KamAZ LLC (light series 
platform), and the ongoing follow-up works in the 
engines for the gas turbine locomotives in the 
Samara’s Kuznetsov OJSC and Federal State Unitary 
Enterprise Engineering and Production Centre of the 
Gas Turbine Construction Salute [27, 28].  

Automotive turbine engines are intended for the 
mining dump trucks and trailer trucks, i.e. the 
vehicles with high unit capacity. The carrying 
capacity of such vehicles reaches 100-450 tons with 
the engine capacity of 750-3500 kW. 

For comparison purposes, the indicators of the 
modern piston-type engines for the mining dump 
trucks produced by the Yaroslavl Motor Plant, 
Cummins, MTU, DEUTZ, Detroit Diesel, and gas-
turbine engines produced by the firm United Engine-
Building Corporation were analysed. The comparison 
was carried out based on the evaluation of the 
following indicators: ge is the specific fuel 
consumption (g/kW·h) taken on the basis of the data 
in the catalogues, 
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where Мspec is the specific weight of the engine, 
kg/kW; Мeng is the weight of dry (unfuelled) engine, 
kg; Ne is the nominal engine capacity, kW; Npts is the 
power-to-size capacity of the engine, kW/m3; Veng is 
the engine volume in the engine room, m3, defined as 
the product of its overall dimensions, m, length, 
width and height. 
 

Work Result 
 

Our country has rich research and practical 
experience of studying gas-turbine engines. The 
existing materials, for example, [25, 27–36], and the 
performed comparative analysis of piston-type and 
gas-turbine engines of similar capacity to be used on 
vehicles (see Figure) allow to point out the following 
technical and operational advantages of the gas 
turbine engines:  

1. The specific gravity of a gas turbine engine is 
much less and does not exceed 25–30 % of a piston-
type engine weight (see Fig., a) , making it possible 
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to lighten the engine frame and increase the load 
capacity of the dump truck. 
 

 
а 

 
b 

 
c 

 

Fig. Dependence of the engine's specific weight on its 
capacity (а); power-to-size ratio (b); specific engine fuel 

consumption (c); 1 – piston-type; 2 – gas turbine 
 

2. The gas turbine engine has a higher specific 
capacity (the ratio of engine capacity to its weight). 

3. The power-to-size ratio of a gas-turbine 
engine is higher than that of a piston-type engine 
(see Fig. b). For example, in case of a piston-type 
engine with the capacity of 2000 kW, it is possible 
to get approximately 200 kW from 1 m3 of the 
engine, while the same indicator of a gas-turbine 
engine will be almost 2.5 times higher – 

approximately 500 kW/m3. Therefore, a gas-turbine 
engine has a 2-3-fold reserve in terms of space in 
the engine compartment of the truck. 

4. Favourable change in the engine torque 
depending on the engine shaft rotation frequency 
(the torque increases if the rotation frequency goes 
down). 

5. The possibility to use cheaper gas fuel and 
almost no oil consumption. 

6. Considerably lower number of engine details 
(primarily, sliding friction pairs and lower load on 
the frictionless bearing, increasing the intervals 
between overhauls) [25–27, 31–33, 35]. 

7. Low toxicity of the exhaust gases. In 
connection with the specifics of the gas-turbine 
engine operation (the air consumption by the engine 
is 3-4 times higher than that of the diesel with an 
equal capacity), its exhaust gases have a significantly 
lesser toxicity (Table 1) [28, 36–39]. 

8. The start-up at low temperatures of the 
ambient air is easier. In Siberia and the Far North, 
due to the difficulty of starting-up the engine at low 
temperatures, diesel engines are often not shut down 
throughout the entire winter period. As a result, 
the engine is overaging, there is significant 
overconsumption of fuel and an increase in exhaust 
emissions. The time of preparation for the start-up 
of the vehicle piston-type diesel engine with a 
special heating system at the temperature of –40 оС 
amounts to 40–50 min. It is necessary to warm up 
the engine prior to the start-up in order to reduce 
friction in the crankshaft, in the cylinder piston – 
sleeve pair, and to warm up the oil to reduce 
its viscosity, whereas for a gas-turbine engine 
the preparation of the engine for the start-up takes 
3-5 min. at the temperature of – 40 °С due 
to the absence of impact stress and reversal load in 
the supports and the use of low-viscosity oil 
[27, 36, 37, 40].  

9. Low labour intensity and cost of maintenance. 
The scope of maintenance of the gas turbine engine 
is much smaller than that of the diesel engine due to 
the absence of liquid-cooling system, scheduled fuel 
feed system adjustment and oil replacement. The 
difference in the maintenance scope is especially 
manifested in the winter (north) conditions, when 
there is no need in the heating system. According to 
different estimates, including the experience of 
operation on the GAZ truck [28, 36, 41], labour 
intensity and cost of maintenance of the gas turbine 
engine is 50 % of the diesel engine with the 
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simultaneous increase of the car park use ratio from 
5 to 15 %. Besides, with the equal capacity of the 
diesel and gas-turbine engine, the vehicle’s 
productivity increases due to a better traction 
characteristic (in case of a mechanical gearbox 
transmission) or a higher transmission efficiency. 
 

Table 1 
 

Indicators of engines’ exhaust gases toxicity 
 

Engine 
Toxic component, g/kW h 
NOX СО СН soot 

Diesel Cummins (TierII) 6,0 3,5 1,1 0,3 
Gas Turbine Engine GAZ  1,2 0,73 0,16 0,01 
Gas Turbine Engine GTD-1250 1,2 0,73 0,14 0,01 
 

10. Opportunity to use a simpler, more reliable 
and cheaper transmission. 

11. Almost complete absence of vibrations and 
torque vibrations. 

12. Opportunity of extended work in the conditions 
of high dust content in the air reaching about 2,0–2,5 
g/m3 and sometimes higher at the inlet to the air cleaner 
of the power plant, which is especially important for the 
mining dump trucks. 

As compared to the equivalent piston-type 
engine, gas-turbine engines work smoothly and 
quietly, they can function with different types of 
hydrocarbon fuel and are characterized by a simple 
mechanic construction, resulting in enhanced 
reliability and extension of the service life.  

When torque converters are installed in the vehicles 
with high carrying capacity with a diesel power plant, 
additional losses arise and are manifested as the 
increase of fuel by 10-16% in the transformation mode 
and by 4-6% in the blocking mode. Besides, the diesel 
units feature large capacity losses on the cooling system 
ventilator drive (10–12%) [24, 35–37, 41]. 

At the same time, the level of specific fuel 
consumption is slightly higher for the gas-turbine 
engine than for the piston-type engine and it 
increases with the growth of the engine capacity. 
This is related to a lower efficiency of gas-turbine 
engines (see Fig., c). 

High cost efficiency of the diesel engine is 
generally acknowledged, however, it is not absolute 
and depends on the terms of operation of the mining 
dump truck. For example, if the ambient 
temperature is lowered (in the winter period or in 
the northern areas), the cost effectiveness of the gas 
turbine engine increases. If the temperature is 
reduced from +20 to –20oС, the minimal specific 

consumption of fuel by gas-turbine engine 
GAZ-902 is reduced by more than 10 %, whereas 
the diesel fuel consumption, on the opposite, is 
increased by 8–10 % [31, 34, 36, 40]. 

The specific fuel consumption by the diesel 
engine of a mining dump truck amounts to 182–
212 g/kW·h on average. For example, in the 
Udachninsky Mining Plant of Joint-Stock 
Company ALROSA the specific consumption of 
fuel by the diesel engine of the mining dump truck 
Cat-785V amounts to 209 g/kW h [42] with the 
minimal load. The modern samples of gas turbine 
engines of the cars and ships have the specific fuel 
consumption of 200–270 kg/kW h [28, 35, 43], 
which is comparable to the diesel engine 
indicators.  

As the performed research have shown [25], 
modern gas-turbine engines can be used for the 
powerful off-road vehicles, including mining dump 
trucks. Thus, for example, a serial industrial mining 
dump truck BelAZ with the carrying capacity of 90 
tons is already in the market. Gas-turbine engine 
GTD-1250 with the capacity of 1250 hp (920 kW) 
produced by Kaluzhsky Dvigatel PJSC [44]. The 
engine has the weight of 1050 kg, the specific fuel 
consumption of 225 g/l (Table 2) and a significantly 
lower level of exhaust of the toxic substances. 

The following are the advantages of using the gas 
turbine engine GTD-1250: 

– maximum efficiency of the drive due to high 
adaptability of the gas turbine engine and the use of 
mechanic transmission without a torque converter; 

– record-breaking in its class low weight and 
dimensions of the pump’s power plant; 

– opportunity to perform hydrofracturing with the 
engine running at the top gear with the maximum 
productivity owing to a flexible gas drive of the 
power turbine without a threat of the transmission 
destruction (the work is performed by a smaller 
number of the pumping units UN2250 as compared 
to the diesel units);  

– opportunity to transmit torque to the stopped 
pump shaft during the pressure check; 

– absence of an external starting device; start-up 
without a pre-start heating with an in-built electrical 
starter in 60 sec with the temperature of –40оС; 

– less engine wear of the gas-turbine engine due to 
the absence of friction pairs and actual absence of 
burning oil consumption; 

– environmental safety of exhaust gases of gas 
turbine engines, their use in winter time for the 
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effective heating of the engine and transmission 
compartment, plunger pump and its systems (10–15 
min. of heating to reach full capacity); 

Table 2 
 

Comparison of the engines GTD-1250 
with a diesel engine of the even capacity [45] 

 

Characteristic  

Diesel 
engine with the 

capacity of 
23250 hp 

Two engines 
GTD-1250, total

capacity of 
2250 hp 

Weight net of mounted 
systems, kg  

6155 2100 (2×1050) 

Specific capacity, 
kW/kg  

0,298 0,875 

Adjustability factor 
(Мmax at n min/M at n 
corresponds to Pmax) 

1,3 2,5 

Number of gears in a geared 
transmission 

8 4 

Capacity of a liquid cooling 
engine system, l  

830–850 0 

Capacity of the engine oil 
system, l  

210–240 90 (2×45) 

Engine oil consumption, kg/h 2 0,02 

External drive for the start-up Hydraulic Not required 

Capacity of the hydraulic 
starter external drive and 
ventilator of the radiators, hp 

160 0 

Capacity of the starter oil 
system, l  

100 0 

Type of air filters  
Contact 

(replaceable) 
Cyclone 

Indicators of exhaust gases 
toxicity NOx /CO/soot, g/kW h 

3,5/3,5/0,1 
(TIER4) 

1,2/0,73/0,01 

Winter start-up devices and 
systems  

Webasto 
30 kW, spirit 

injection 
Not required 

 

Note: Мmax is the maximum torque effect of the engine, 
М is the torque effect of the engine at the crankshift speed n, 
corresponding to the maximum capacity Pmax, nmin is the 
minimum crankshift speed. 
 

– very simple three-point fixture of the engines 
without shock absorbers due to ideal balance of the 
gas turbine engine and absence of vibration; 

– minimal number of external connections; 
possibility of replacing the gas turbine engine on site 
within 4 hours; 

– absence of a bulky liquid cooling system and 
significant loss of capacity at the drive of its ventilator, 
less costs of the oil system cooling. 

Gas-turbine engine GTD-1250 is intended to be 
used as a propulsion engine for ground heavy track-
mounted and wheel-mounted vehicles. 

Conclusions 
 

Low weight and compact size, the option of 
getting high capacity in a single unit and remote 
control, along with easy and reliable start-up at low 
temperatures make gas turbine engines quite 
attractive for use on heavy-duty mining dump trucks, 
road trains with active trailers and semi-trailers, 
especially in the northern and arctic areas. 
 

References 
 

1. Anistratov K.Iu. Mirovye tendentsii razvitiia 
struktury parka karernoi tekhniki [Global trends in 
the development of the structure of the mining 
equipment fleet]. Gornaia promyshlennost, 2011, 
no.6, pp.22-26. 

2. Kuznetsov D.V., Odaev D.G., Linkov Ia.E. 
Osobennosti vybora tekhnologicheskogo 
avtotransporta dlia razrabotki glubokikh karerov 
severa [Features of the choice of technological 
vehicles for the development of deep quarries in the 
north]. Gornyi informatsionno-analiticheskii 
biulleten, 2017, no.5, pp.54-65. 

3. Sheshko O.E. Ekologo-ekonomicheskoe 
obosnovanie vozmozhnosti snizheniia nagruzki na 
prirodnuiu sredu ot karernogo transporta 
[Ecological and economic substantiation of the 
possibility of reducing the load on the environment 
from mining]. Gornyi informatsionno-analiticheskii 
biulleten, 2017, no.2, pp.241-252. 

4. Burmistrov K.V., Osintsev N.A., 
Shakshakpaev A.N. Selection of Open-Pit Dump 
Trucks during Quarry Reconstruction. Procedia 
Engineering, 2017, vol.206, pp.1696-1702. 
DOI.org/10.1016/j.proeng.2017.10.700 

5. Khazin M.L., Tarasov А.P. Ecological 
and economic evaluation of quarry trolley 
trucks. Perm Journal of Petroleum and Mining 
Engineering, 2018, vol.17, no.2, pp.66-80. 
DOI: 10.15593/2224-9923/2018.2.6 

6. Tyulenev M., Garina E., Khoreshok A., 
Litvin O., Litvin Y., Maliukhina E. A method 
of effective quarry water purifying using 
artificial filtering arrays. IOP Conference Series: 
Earth and Environmental Science. IOP 
Publishing, 2017, vol.50, no.1, pp. 012035. 
DOI: 10.1088/1755-1315/50/1/012035 

7. Feng Y., Dong Z., Yang J. Performance 
modeling and cost-benefit analysis of hybrid 
electric mining trucks. Mechatronic and Embedded 



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

296

Systems and Applications (MESA). 12th IEEE/ 
ASME International Conference, 2016, pp.1-6. 
DOI: 10.1109/MESA.2016.7587102 

8. Carmichael D.G., Bartlett B.J., Kaboli A.S. 
Surface mining operations: coincident unit cost and 
emissions. International Journal of Mining, 
Reclamation and Environment, 2014, vol.28, no.1, 
pp.47-65. DOI: 10.1080/17480930.2013.772699 

9. Taxell P., Santonen T. Diesel engine exhaust: 
basis for occupational exposure limit value. 
Toxicological Sciences, 2017, vol.158, no.2, 
pp.243-251. DOI: 10.1093/toxsci/kfx110 

10. Jacobs W., Hodkiewicz M.R., Bräunl T. 
A cost-benefit analysis of electric loaders 
to reduce diesel emissions in underground 
hard rock mines. IEEE Transactions on industry 
applications, 2015, vol.51, no.3, pp.2565-2573. 
DOI: 10.1109/IAS.2014.6978456 

11. Griaznov M.B. Primenenie gazomotornogo 
topliva v Rossiiskoi Federatsii: problemy i 
perspektivy [The use of gas motor fuel in the Russian 
Federation: problems and prospects]. Vestnik 
finansovogo universiteta, 2013, no.4, pp.21-31. 

12. Markov V.A., Pozdniakov E.F. Prirodnyi gaz 
kak naibolee vygodnoe motornoe toplivo [Natural 
gas as the most profitable motor fuel]. Avtomobilnaia 
promyshlennost, 2017, no.1. pp.11-15. 

13. Tarasov P.I., Khazin M.L., Furzikov V.V. 
Prirodnyi gaz – perspektivnoe motornoe toplivo 
karernogo avtotransporta dlia raionov severa 
[Natural gas is a promising motor fuel for mining 
vehicles for the North]. Gornaia promyshlennost, 
2016, no.6, pp.51-52. 

14. Osorio-Tejada J., Llera E., Scarpellini S. 
LNG: an alternative fuel for road freight 
transport in Europe. WIT Transactions on The 
Built Environment, 2015, vol.168, pp.235-246. 
DOI: 10.2495/SD150211 

15. Daidzic N.E., Piancastelli L., Cattini A. 
Diesel engines for light-to-medium helicopters and 
airplanes. International Journal of Aviation, 
Aeronautics, and Aerospace, 2014, vol.1, no.3, 
pp.2-18. DOI: org/10.15394/ijaaa.2014.1023 

16. Rybalko V.V. Gazoturbinnyi reversivnyi 
dvigatel v korabelnoi energeticcheskoi ustanovke 
[Gas turbine reversible engine in a ship 
power plant]. Gazoturbinnye tekhnologii, 2017, 
no.6 (149), pp.20-22. 

17. Gîrba I.A., Pruiu A., Ali B. Considerations on 
the use of maintenance programs for naval 
propulsion plants with gas turbines. Mircea cel 

Batran. Scientific Bulletin Naval Academy, 2014, 
vol.17, no.1, pp.43. 

18. Sahu M.K., Choudhary T., Sanjay Y. 
Thermoeconomic investigation of different gas 
turbine cycle configurations for marine 
application. SAE Technical Paper, 2016, 
no.2016-01-2228. DOI: org/10.4271/2016-01-2228 

19. Brycheva A.Iu., Moliakov V.D. Vybor 
parametrov gazoturbinnogo dvigatelia, ispol-
zuiushchegosia v kachestve privoda neftianogo 
nasosa [Selection of parameters for a 
gas turbine engine used as an oil pump drive]. 
Mashinostroenie i kompiuternye tekhnologii, 2017, 
no.11, pp.29-43. 

20. Ostapenko N.G., Novikov R.S. Primenenie 
gazoturbinnykh ustanovok na neftepere-
kachivaiushchikh stantsiiakh [The use of 
gas turbines at oil pumping stations]. 
Sovremennye naukoemkie tekhnologii, 2013, 
no.8-2, pp.213-214. 

21. Ashirbaev G.K., Bakyt G.B., 
Sisekenova E.N., Omirbek A.M. Vozmozhnosti 
ispolzovaniia gazoturbinnykh dvigatelei na 
manevrovykh teplovozakh [Possibilities of using 
gas turbine engines on shunting diesel 
locomotives]. Vestnik Kazakhskoi akademii 
transporta i kommunikatsii im. M. Tynyshpaeva, 
2015, no.1, pp.17-19. 

22. Martinez A.S., Brouwer J., Samuelsen G.S. 
Feasibility study for SOFC-GT hybrid locomotive 
power: Part I. Development of a dynamic 3.5 MW 
SOFC-GT FORTRAN model. Journal of 
Power Sources, 2012, vol.213, pp.203-217. 
DOI: org/10.1016/j.jpowsour.2012.04.024 

23. Iaishnikov V.I., Karpenko A.M. 
Gazoturbinnyi dvigatel dlia nazemnogo 
transporta [Gas turbine engine for ground 
transportation]. Vestnik dvigatelestroeniia, 2012, 
no.1, pp.73-77. 

24. Volponi A.J. Gas turbine engine health 
management: past, present, and future 
trends. Journal of Engineering for Gas Turbines 
and Power, 2014, vol.136, no.5, pp.051201. 
DOI:10.1115/GT2013-96026 

25. Beliaev V.E., Beschastnykh V.N., 
Evdokimov V.D., Sinkevich M.V. Kontseptsiia 
sozdaniia i perspektivy primeneniia semeistva 
GTD regenerativnogo tsikla v gorno- 
transportnoi tekhnike [The concept of creation and 
prospects for the use of the GTE family of 
the regenerative cycle in mining and 



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

ISSN 2224-9923. Вестник ПНИПУ. Геология. Нефтегазовое и горное дело. 2019. Т.19, №3. С.290–300 

297

transport equipment]. Gornaia promyshlennost, 
2008, no.3, pp.76-80. 

26. Nada T. Performance characterization 
of different configurations of gas turbine 
engines. Propulsion and Power Research, 
2014, vol.3, no.3, pp.121-132.  
DOI: 10.1016/j.jppr.2014.07.005 

27. Karionov V.P., Savanovich A.G. Analiz 
primeneniia gazoturbinnykh dvigatelei v 
avtomobilnom dvigatelestroenii [Analysis of the use 
of gas turbine engines in automotive engines]. 
Nauchnyi vestnik Volskogo voennogo instituta 
materialnogo obespecheniia: voenno-nauchnyi 
zhurnal, 2009, no.2 (24), pp.270–273. 

28. Merkulov V.I., Kustarev Iu.S. 
Energeticheskie mashiny i ustanovki [Power 
machines and installations]. Moscow, MAMI, 
2011, 257 p. 

29. Manushin E.A. Gazoturbinnye dvigateli 
kolesnykh i gusenichnykh mashin [Gas turbine 
engines of wheeled and tracked vehicles]. Itogi nauki 
i tekhniki. Seriia: Turbostroenie. Moscow, VINITI 
AN SSSR, 1984, vol.3.  

30. Popov N.S., Izotov S.P., Antonov V.V. et al. 
Transportnye mashiny s gazoturbinnymi 
dvigateliami [Gas turbine transport vehicles]. 
Ed. N.S. Popov. Leningrad, Mashinostroenie, 
Leningradskoe otdelenie, 1987, 258 p. 

31. Zrelov V.A. Otechestvennye gazoturbinnye 
dvigateli: osnovnye parametry i konstruktivnye 
skhemy [Domestic gas turbine engines: basic 
parameters and design schemes]. Moscow, 
Mashinostroenie, 2005, 336 p. 

32. Inozemtsev A.A., Sandratskii V.L. Gazo-
turbinnye dvigateli [Gas turbine engines]. Perm, 
Aviadvigatel, 2006, 1204 p. 

33. Kadyrov S.M., Nikitin S.E., Akhmetov L.A. 
Avtomobilnye i traktornye dvigateli [Automotive 
and tractor engines]. Moscow, Multimediinoe 
izdatelstvo Strelbitskogo, 2007, 616 p. 

34 Chumakov Iu.A. Teoriia i raschet 
transportnykh gazoturbinnykh dvigatelei 
[Theory and calculation of transport gas 
turbine engines]. Moscow, INFRA-M: Forum, 
2012, 448 p. 

35. Nikitin V.S., Polovinkin V.N., Baranovskii V.V. 
Sovremennoe sostoianie i perspektivy razvitiia 
otechestvennykh gazoturbinnykh energeticheskikh 
ustanovok [Current status and development 
prospects of domestic gas turbine power 
plants]. Trudy Krylovskogo gosudarstvennogo 

nauchnogo tsentra, 2017, 3 (381), pp.75-90. 
DOI: 10.24937/2542-2324-2017-2-380-70-91 

36. Andreenkov A.A., Dementev A.A. Aspekty 
ispolzovaniia na avtotraktornoi tekhnike 
energoustanovok s porshnevymi gazoturbinnymi 
dvigateliami [Aspects of using power plants 
with reciprocating gas turbine engines on 
automotive machinery]. Mezhdunarodnyi zhurnal 
prikladnykh i fundamentalnykh issledovanii, 2018, 
no.3, pp.9-13. 

37. Andreenkov A.A., Dementev A.A., 
Kostiukov A.V. Porshnevye i gazoturbinnye 
energeticheskie ustanovki dlia nazemnykh 
transportno-tekhnologicheskikh sredstv [Piston 
and gas turbine power plants for ground 
transportation and technological means]. Moscow, 
Moskovskii politekh, 2017, 80 p. 

38. Koptev V.Y., Kopteva A.V. Structure 
of energy consumption and improving open- 
pit dump truck efficiency. IOP Confe- 
rence Series: Earth and Environmental 
Science, 2017, vol.87, no.2, pp.022010. 
DOI:10.1088/1755-1315/87/2/022010 

39. Thiruvengadam A., Besch M., Carder D., 
Oshinuga A. Greenhouse gas and ammonia 
emissions from current technology heavy-duty 
vehicles. Journal of the Air & Waste Management 
Association, 2016, vol.66, no.11, pp.1045-1060. 
DOI: 10.1080/10962247.2016.1158751 

40. Anisimov I., Ivanov A., Chikishev E. 
Assessment of adaptability of natural gas vehicles 
by the constructive analogy method. International 
Journal of Sustainable Development and 
Planning, 2017, vol.12, no.6, pp.1006-1017. 
DOI: 10.2495/SDP-V12-N6-1006-1017 

41. Shkrabak V.S., Dzhabborov N.I. Effektiv-
nost primeneniia gazoturbinnykh dvigatelei na 
traktorakh selskokhoziaistvennogo naznacheniia 
[Efficiency of using gas turbine engines on 
agricultural tractors]. Traktory i selkhozmashiny, 
2015, no.10, pp.46-48. 

42. Lel Iu.I., Zyrianov I.V., Ilbuldin D.Kh., 
Musikhina O.V., Glebov I.A. Metodika normi-
rovaniia raskhoda topliva avtosamosvalami v 
glubokikh karerakh [Methods of rationing fuel 
consumption by dump trucks in deep open pits]. 
Izvestiia UGGU, 2017, iss.4 (48), pp.66-71. 
DOI: 10.21440/2307-2091-2017-4-66-71 

43. Deinekin A.S., Spitsyn V.E., Stashok A.N. 
Gazoturbinnye dvigateli GP NPKG «Zoria-
MashProekt» promyshlennogo primeneniia 



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

298

[Turbine engines GP NPKG "Zorya-MashProekt" 
for industrial use]. Territoriia neftegaz, 2010, 
no. 9, pp.82-84. 

44. Silovoi modul na baze GTD-1250 dlia 
BELAZa [Power module based on GTD-1250 for 
BELAZ], available at: http://kadvi.ru/modul-dlya-
belaza/ (accessed 15 September 2018). 

45. Gazoturbinnyi dvigatel GTD-1250 i 
produktsiia na ego baze [GTD-1250 gas 
turbine engine and products based on it], 
available at: http://kadvi.ru/product/gdt-1250/ 
(accessed 15 September 2018). 
 

Библиографический список 
 

1. Анистратов К.Ю. Мировые тенденции 
развития структуры парка карьерной техники // 
Горная промышленность. – 2011. – № 6. – 
С. 22–26. 

2. Кузнецов Д.В., Одаев Д.Г., Линьков Я.Е. 
Особенности выбора технологического авто-
транспорта для разработки глубоких карьеров 
севера // Горный информационно-аналитический 
бюллетень. – 2017. – № 5. – С. 54–65. 

3. Шешко О.Е. Эколого-экономическое обосно-
вание возможности снижения нагрузки на 
природную среду от карьерного транспорта // 
Горный информационно-аналитический бюл-
летень. – 2017. – № 2. – С. 241–252. 

4. Burmistrov K.V., Osintsev N.A., 
Shakshakpaev A.N. Selection of open-pit dump 
trucks during quarry reconstruction // Procedia 
Engineering. – 2017. – Vol. 206. – P. 1696–1702. 
DOI: org/10.1016/j.proeng.2017.10.700 

5. Хазин М.Л., Тарасов А.П. Эколого-эконо-
мическая оценка карьерных троллейвозов // 
Вестник Пермского национального исследовательс-
кого политехнического университета. Геология. 
Нефтегазовое и горное дело. – 2018. – Т. 17, № 2. – 
С. 66–80. DOI: 10.15593/2224-9923/2018.2.6 

6. A Method of effective quarry water 
purifying using artificial filtering arrays / 
M. Tyulenev, E. Garina, A. Khoreshok, O. Litvin, 
Y. Litvin, E. Maliukhina // IOP Conference 
Series: Earth and Environmental Science. – IOP 
Publishing. – 2017. – Vol. 50, № 1. – P. 012035. 
DOI: 10.1088/1755-1315/50/1/012035 

7. Feng Y., Dong Z., Yang J. Performance 
modeling and cost-benefit analysis of hybrid 
electric mining trucks // Mechatronic and 
Embedded Systems and Applications (MESA). 

12th IEEE/ASME International Conference. – 
2016. – P. 1–6. DOI: 10.1109/MESA.2016.7587102 

8. Carmichael D.G., Bartlett B.J., Kaboli A.S. 
Surface mining operations: coincident unit 
cost and emissions // International Journal 
of Mining, Reclamation and Environment. – 
2014. – Vol. 28, № 1. – P. 47–65. 
DOI: 10.1080/17480930.2013.772699 

9. Taxell P., Santonen T. Diesel engine exhaust: 
basis for occupational exposure limit value // 
Toxicological Sciences. – 2017. – Vol. 158, № 2. – 
P. 243–251. DOI: 10.1093/toxsci/kfx110 

10. Jacobs W., Hodkiewicz M.R., Bräunl T. 
A cost-benefit analysis of electric loaders to 
reduce diesel emissions in underground hard 
rock mines // IEEE Transactions on industry 
applications. – 2015. – Vol. 51, № 3. – P. 2565–2573. 
DOI: 10.1109/IAS.2014.6978456 

11. Грязнов М.Б. Применение газомоторного 
топлива в Российской Федерации: проблемы и 
перспективы // Вестник финансового универси-
тета. – 2013. – № 4. – С. 21–31. 

12. Марков В.А., Поздняков Е.Ф. Природный 
газ как наиболее выгодное моторное топливо // 
Автомобильная промышленность. – 2017. – 
№ 1. – С. 11–15. 

13. Тарасов П.И., Хазин М.Л., Фурзиков В.В. 
Природный газ – перспективное моторное 
топливо карьерного автотранспорта для районов 
Севера // Горная промышленность. – 2016. – 
№ 6. – С. 51–52. 

14. Osorio-Tejada J., Llera E., Scarpellini S. 
LNG: an alternative fuel for road freight transport 
in Europe // WIT Transactions on The Built 
Environment. – 2015. – Vol. 168. – P. 235–246. 
DOI: 10.2495/SD150211 

15. Daidzic N.E., Piancastelli L., Cattini A. 
Diesel engines for light-to-medium helicop- 
ters and airplanes // International Journal 
of Aviation, Aeronautics, and Aero- 
space. – 2014. – Vol. 1, № 3. – P. 2–18. 
DOI: org/10.15394/ijaaa.2014.1023 

16. Рыбалко В.В. Газотурбинный реверсив-
ный двигатель в корабельной энергетической 
установке // Газотурбинные технологии. – 2017. – 
№ 6 (149). – С. 20–22. 

17. Gîrba I.A., Pruiu A., Ali B. Considerations on 
the use of maintenance programs for naval 
propulsion plants with gas turbines // Mircea cel 
Batran. Scientific Bulletin Naval Academy. – 2014. – 
Vol. 17, №. 1. – P. 43. 



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

ISSN 2224-9923. Вестник ПНИПУ. Геология. Нефтегазовое и горное дело. 2019. Т.19, №3. С.290–300 

299

18. Sahu M.K., Choudhary T., Sanjay Y. 
Thermoeconomic investigation of different gas turbine 
cycle configurations for marine application // 
SAE Technical Paper. – 2016. – № 2016-01-2228. 
DOI: org/10.4271/2016-01-2228 

19. Брычева А.Ю., Моляков В.Д. Выбор 
параметров газотурбинного двигателя, исполь-
зующегося в качестве привода нефтяного насоса // 
Машиностроение и компьютерные технологии. – 
2017. – №. 11. – C. 29–43. 

20. Остапенко Н.Г., Новиков Р.С. Применение 
газотурбинных установок на нефтеперекачи-
вающих станциях // Современные наукоемкие 
технологии. – 2013. – № 8–2. – С. 213–214. 

21. Возможности использования газотурбин-
ных двигателей на маневровых тепловозах / 
Г.К. Аширбаев, Г.Б. Бакыт, Е.Н. Сисекенова, 
А.М. Омирбек // Вестник Казахской академии 
транспорта и коммуникаций им. М. Тынышпаева. – 
2015. – №. 1. – С. 17–19. 

22. Martinez A.S., Brouwer J., Samuelsen G.S. 
Feasibility study for SOFC-GT hybrid locomotive 
power: Part I. Development of a dynamic 3.5 MW 
SOFC-GT FORTRAN model // Journal of Power 
Sources. – 2012. – Vol. 213. – P. 203–217. 
DOI: org/10.1016/j.jpowsour.2012.04.024 

23. Яишников В.И., Карпенко А.М. Газотур-
бинный двигатель для наземного транспорта // 
Вестник двигателестроения. – 2012. – № 1. – 
С. 73–77. 

24. Volponi A.J. Gas turbine engine health 
management: past, present, and future trends // 
Journal of Engineering for Gas Turbines and 
Power. – 2014. – Vol. 136, № 5. – P. 051201. 
DOI: 10.1115/GT2013-96026 

25. Концепция создания и перспективы 
применения семейства ГТД регенератив- 
ного цикла в горно-транспортной технике /  
В.Е. Беляев, В.Н. Бесчастных, В.Д. Евдокимов, 
М.В. Синкевич // Горная промышленность. – 
2008. – № 3. – С. 76–80. 

26. Nada T. Performance characterization of 
different configurations of gas turbine engines // 
Propulsion and Power Research. – 2014. – Vol. 3, 
№ 3. – P. 121–132. DOI: 10.1016/j.jppr.2014.07.005 

27. Карионов В.П., Саванович А.Г. Анализ 
применения газотурбинных двигателей в 
автомобильном двигателестроении // Научный 
вестник Вольского военного института мате-
риального обеспечения: военно-научный журнал. – 
2009. – № 2 (24). – С. 270–273. 

28. Меркулов В.И., Кустарев Ю.С. Энергети-
ческие машины и установки. – М.: МАМИ, 
2011. – 257 с. 

29. Манушин Э.А. Газотурбинные двигатели 
колесных и гусеничных машин // Итоги науки и 
техники. Сер.: Турбостроение. Т. 3 / ВИНИТИ 
АН СССР. – М., 1984.  

30. Транспортные машины с газотурбин- 
ными двигателями / Н.С. Попов, С.П. Изотов, 
В.В. Антонов [и др.] / под общ. ред. Н.С. Попова. – 
Л.: Машиностроение: Ленинградское отделение, 
1987. – 258 с. 

31. Зрелов В.А. Отечественные газотурбинные 
двигатели: основные параметры и конструктивные 
схемы. – М.: Машиностроение, 2005. – 336 с. 

32. Иноземцев А.А., Сандрацкий В.Л. Газо-
турбинные двигатели / ОАО «Авиадвигатель». – 
Пермь, 2006. – 1204 с. 

33. Кадыров С.М., Никитин С.Е., Ахметов Л.А. 
Автомобильные и тракторные двигатели. – М.: 
Мультимедийное издательство Стрельбицкого, 
2007. – 616 с. 

34. Чумаков Ю.А. Теория и расчет транс-
портных газотурбинных двигателей. – М.: 
ИНФРА-М.: Форум, 2012. – 448 с. 

35. Никитин В.С., Половинкин В.Н., 
Барановский В.В. Современное состояние и 
перспективы развития отечественных газо-
турбинных энергетических установок // Труды 
Крыловского государственного научного центра. – 
2017. – 3 (381). – С. 75–90. DOI: 10.24937/2542-
2324-2017-2-380-70-91 

36. Андреенков А.А., Дементьев А.А. Аспекты 
использования на автотракторной технике 
энергоустановок с поршневыми газотурбинными 
двигателями // Международный журнал приклад-
ных и фундаментальных исследований. – 2018. – 
№ 3. – С. 9–13. 

37. Андреенков А.А., Дементьев А.А., 
Костюков А.В. Поршневые и газотурбинные 
энергетические установки для наземных 
транспортно-технологических средств. – М.: 
Московский Политех, 2017. – 80 с. 

38. Koptev V.Y., Kopteva A.V. Structure of 
energy consumption and improving open-pit dump 
truck efficiency // IOP Conference Series: Earth and 
Environmental Science. – 2017. – Vol. 87, № 2. – 
P. 022010. DOI: 10.1088/1755-1315/87/2/022010 

39. Greenhouse gas and ammonia emissions 
from current technology heavy-duty vehicles / 
A. Thiruvengadam, M. Besch, D. Carder, 



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.3. P.290-300 

300

A. Oshinuga // Journal of the Air & Waste 
Management Association. – 2016. – Vol. 66, № 11. – 
P. 1045–1060. DOI: 10.1080/10962247.2016.1158751 

40. Anisimov I., Ivanov A., Chikishev E. 
Assessment of adaptability of natural gas 
vehicles by the constructive analogy method // 
International Journal of Sustainable Development 
and Planning. – 2017. – Vol. 12, № 6. – P. 1006–1017. 
DOI: 10.2495/SDP-V12-N6-1006-1017 

41. Шкрабак В.С., Джабборов Н.И. Эффектив-
ность применения газотурбинных двигателей на 
тракторах сельскохозяйственного назначения // 
Тракторы и сельхозмашины. – 2015. – № 10. – 
С. 46–48. 

42. Методика нормирования расхода топлива 
автосамосвалами в глубоких карьерах / 

Ю.И. Лель, И.В. Зырянов, Д.Х. Ильбульдин, 
О.В. Мусихина, И.А. Глебов // Известия 
УГГУ. – 2017. – Вып. 4 (48). – С. 66–71. 
DOI 10.21440/2307-2091-2017-4-66-71 

43. Дейнекин А.С., Спицын В.Е., Сташок А.Н. 
Газотурбинные двигатели ГП НПКГ «Зоря-
МашПроект» промышленного применения // 
Территория нефтегаз. – 2010. – № 9. – С. 82–84. 

44. Силовой модуль на базе ГТД-1250 
для БелАЗа [Электронный ресурс]. – 
URL: http://kadvi.ru/modul-dlya-belaza/ (дата 
обращения: 15.09.2018). 

45. Газотурбинный двигатель ГТД-1250 и 
продукция на его базе [Электронный ресурс]. – 
URL: http://kadvi.ru/product/gdt-1250/ (дата 
обращения: 15.09.2018). 

 
Please cite this article in English as: 
Khazin M.L., Tarasov P.I., Furzikov V.V. Use of gas-turbine engines for mining dump trucks in the conditions of the North. 
Perm Journal of Petroleum and Mining Engineering, 2019, vol.19, no.3, рр.290-300. DOI: 10.15593/2224-9923/2019.3.8 
 
Просьба ссылаться на эту статью в русскоязычных источниках следующим образом: 
Хазин М.Л., Тарасов П.И., Фурзиков В.В. Применение газотурбинных двигателей для карьерных самосвалов в условиях 
севера // Вестник Пермского национального исследовательского политехнического университета. Геология. Нефтегазовое 
и горное дело. – 2019. – Т.19, №3. – С.290–300. DOI: 10.15593/2224-9923/2019.3.8 
 


