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Existing methods for determining the effective power, based on the calculation of the average indicator opera-
tion of the engine during the piston stroke, do not take into account the change in thermodynamic parameters and the 
polytropic operation of the engine, the value of which depends on the polytropic efficiency of the duty cycle. This is 
the reason that the calculation of the effective power leads to some error – the margin of the engine features. The 
identification of this stock allows us to review the entire line of dump trucks in the direction of increasing their pass-
port effective capacity, which will lead to a reduction in capital purchase costs due to the choice of a previously un-
derestimated and cheaper option, as well as a reduction in current operating costs due to a decrease in the specific fuel 
consumption rate. Taking into account the stochastic nature of the transport process and assessing the influence of all 
external and internal factors when calculating the rational mode of operation of a mining truck can further reduce spe-
cific fuel consumption by choosing the rational speed of its movement in loaded and empty directions. 
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Introduction. Analysis of the state of the energy efficiency of transport systems in mining 

enterprises shows that the main parameters that determine the energy characteristics of transport 
work are high-speed modes of movement of mining dump trucks and resistance to movement on 
career roads. Resistance and speed are directly related to the power consumed for transporting the 
rock mass and, accordingly, to the available power of the truck engine, the value of which deter-
mines the specific energy consumption (diesel fuel) in a given speed mode of the truck [1, 2]. 

Methodology. Within the study of high-speed modes of movement of dump trucks, three main 
methods are used: 

• theoretical, establishing a functional relationship between the forces of resistance to move-
ment, speed of movement and power consumption; 

• experimental, based on an array of experimental data obtained in the course of measurements 
directly at the mining enterprise; 

• comprehensive, combining theoretical and experimental approaches to determining the speed 
regimes of mining dump trucks. 

A feature of these methods in the study of the speed of dump trucks is that the main factors af-
fecting the speed are mining conditions, i.e. external characteristics of the transport process. The 
internal characteristics of the dump truck engine are not considered in the considered methods. At 
the same time, such quantities as effective engine power, effective specific fuel consumption, en-
gine traction and speed characteristics and other effective parameters characterizing the mechanical 
and energy properties of a diesel engine of a mining dump truck and being a function of the effec-
tive (disposable) power of the dump truck are not considered. 

Adaptation of the internal parameters of the dump truck engine to external parameters deter-
mined by mining and technical conditions is the main factor in the possible increase in the opera-
tional and energy efficiency of mining dump trucks.  

Mproving the efficiency of internal combustion engines (ICE) remains one of the most impor-
tant problems of modern engine building. The solution to this problem is directly related to an in-
crease in the effective (available) engine power and a decrease in the specific consumption of diesel 
fuel, i.e. increasing fuel efficiency of engines in various load conditions. For the first time, a de-
scription of the working process (cycle) occurring in the cylinder of a reciprocating internal com-
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bustion engine (ICE) was given by G.Gildner, then developed by V.I.Grinevetsky, N.R.Brilling, 
E.K.Masing, A.S.Orlin, M.G.Kruglov and other scientists. 

Discussion. At the design and calculation stage of internal combustion engines, the main effec-
tive parameters are determined. These parameters include: effective power Ne; effective efficiency 
ηe, specific fuel consumption ge, effective torque Me. The classical approach to determining these 
characteristics is based on determining the average indicator pressure from the indicator diagram p, 
i.e. pressure, which acting on the piston in one working stroke from the top dead center (TDC) to 
the bottom dead center (BDC), does the work equal to the useful work for the entire working cycle 
of the internal combustion engine. 

As can be seen from the definition of the average indicator pressure, the calculation of the in-
ternal combustion engine does not take into account the non-uniformity of pressure along the pis-
ton, since in reality the gases expand and the pressure drops. In addition, the calculations assume 
that the rotation of the crankshaft occurs at a constant frequency. In reality, the rate of change of the 
volume of gases in the engine cylinders, i.e. the piston speed is variable, and in TDC and BDC it is 
generally zero. As a result, we conclude that the use of an average indicator pressure, convenient to 
simplify the calculations, leads to significant errors in understanding the internal combustion engine 
and the nature of the processes occurring in the cylinders of thermodynamic processes. To bring the 
calculations to acceptable accuracy in the classical approach, when performing calculations, a large 
number of empirical coefficients are used that are determined during bench tests, which, in essence, 
is a way of «fitting» theoretical calculations to parameters characterizing actual phenomena during 
the operation of ICE [3, 5, 9]. 

In diesel engines operating on a mixed cycle, the useful work is equal to the difference in the 
expansion and compression work. The expansion work consists of the preliminary expansion work 
and the expansion work at the maximum temperature of the combustion products. An analysis of 
the compression work and the preliminary expansion work shows that their value is almost the same 
(Fig. 1), i.e. the work of the preliminary expansion is compensated by the work of compression, 
since these works have opposite signs: 

432154pol   LLLL ,                                                         (1) 

or, if accepted L1-2 = L3-4, than 

54pol  LL ,                                                                  (2) 

where L4-5 – combustion expansion work; L1-2, L3-4 – accordingly, work in the compression process 
and the work of preliminary expansion. 

From here we come to the conclusion: any mod-
ern diesel engine has reserves for increasing power 
and reducing specific fuel consumption. A certain 
reserve of power and effective engine efficiency lies 
in the need to consider the polytropic nature of gas 
expansion in working cylinders, taken into account 
by polytropic efficiency, which characterizes the de-
viation of the actual process of gas expansion from 
an ideal, adiabatic process. 

The well-known effective engine power formula 
is written as follows: 

meche 120


inVpN hi ,                       (3) 

where pi – average pressure indicator; Vh – cylinder 
volume; i – number of cylinders; n – crankshaft ve-
locity; ηmech – mechanical efficiency. 

 

Fig.1. PV-ICE diagram with mixed heat supply process 
1-2 – adiabatic compression; 2-3 – heat input at motionless 

position; 3-4 – adiabatic expansion; 4-5 – heat removal;  
5-1 – compression 
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The value piVi determines the average specific work of the combustion products of diesel fuel 
in the engine cylinders, which varies in magnitude and direction. The specific fuel consumption ex-
pressed in terms of the average specific work will also be an average value depending on the posi-
tion of the piston in the engine cylinders, 

mech
f

е
1203600 



inVp

Gg
ii

,                                                       (4) 

where Gf  – fuel consumption, kg/s. 
From formula (3) it can be seen that an increase in the effective power leads to a decrease in 

the specific consumption of diesel fuel and an increase in the fuel efficiency of the truck engine. 
In the formula (3), the value piVi defines some indicator work in the engine cycle: 

TRAmzLVp iii  av , 

where Li – indicator of work in a cycle; A – coefficient of proportionality, taking into account the 
irreversibility of real processes of the engine cycle, is determined by the efficiency: mechanical 
(ηmech) and polytropic (ηpol); m = Vhg – gas mass in the engine cylinder; g – gas density; zav – the 
degree of compressibility of real gases (combustion products of diesel fuel) depends on the critical 
values of pressure and temperature of the gas mixture; R = μR/μg – gas constant of gases (fuel com-
bustion products); 12 TTT   – temperature difference; Т2 и Т1 – temperature at the beginning and 
at the end of the thermodynamic process. 

As a result, formula (3) of the effective power was written as: 

 
mech

12av
pemeche 120

z





inTTRmnNN i ,                                      (5) 

where 
k

kn 1
pe


  – pseudoentropes indicator; k – adiabatic indicator.  

The value ηmech determines the overall engine efficiency ηen, which depends on polytropic effi-
ciency  

poleen  ,                                                               (6) 

where рQG
N

bf

e
e  – effective efficiency power; рQb  – bottom heat of combustion; 





lg
lg1

be
pol n

 – 

polytropic efficiency; 
1

2

p
p

 – compression ratio; 
1

2

T
T

 – temperature characteristic in the poly-

tropic process of expansion of diesel fuel combustion products. 
The engine efficiency formula is written as follows 
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,                  (7) 

 

where   pol1avbe 1  RTznkth – thermodynamic coefficient characterizing the specific thermal work 

of the engine in polytropic compression – expansion processes; mech120





inVk mh – engine design pa-

rameter. 
A feature of formula (7) is the presence of a polytropic efficiency value that takes into account 

the deviation of the theoretical adiabatic (isentropic) expansion process from the actual polytropic 
process. In addition, it follows from formula (7) that the efficiency of the engine and its effective 
power are determined mainly by the temperature range during the expansion of the combustion 
products of diesel fuel. 
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Theoretical dependences show that the energy characteristics of a diesel engine cycle are 
largely determined by the temperature conditions of polytropic expansion processes and the value 
of thermodynamic characteristics, which is a function of temperature and polytropic process effi-
ciency. The value of the thermodynamic characteristics mainly depends on the thermodynamic 
properties of the working fluid, combustion products of diesel fuel and, in particular, on the gas 
constant R and, accordingly, on the molar mass and composition of the gas mixture. For the types of 
liquid diesel fuel accepted in practice, the gas constant value is determined by the perfection of the 
processes of mixture formation, the coefficient of excess air and temperature conditions of the die-
sel engine cycle. It is characteristic that the thermodynamic characteristic does not depend on the 
volume of the cylinders [6, 7, 10]. 

By comparative numerical calculations of the working pressure in the engine cylinders and, ac-
cordingly, the effective power for the BelAZ-7540 dump truck, performed according to the classical 
method and the developed method, it was found that the latter, taking into account the polytropic 
nature of the expansion of combustion products, leads to high pressure values and effective power 
in comparison with the traditional method of determining these quantities: 

  






































  1
1

1
2

a
12

1 11
1

111
1

1
1 nn

n

i nn
pр  

  













 









 





  135.113.1

35.1

12
11

135.1
1

12
11

13.1
2.15.212,15,2

112
121.0  

  06.11066.125.55.026.0 5   MPa,                                             (8) 

where ра – initial cylinder pressure; ε – compression ratio; n1 – polytropic index during compres-
sion; λ – degree of pressure increase;  – degree of pre-expansion; n2 – polytropic indicator in the 
process of expansion; 

   


 10141910
180

3.83149.010
14.1

4.115avfbeс RTznp  1.31 MPa.                   (9) 

Relative pressure increase  

%01.19%100
31.1

06.131.1100
c

c
1 







p
ppр i .                                (10) 

The effective power equal to the product of pressure on the volumetric flow rate of the working 
fluid increases by the same 19.01 %. This increase is provided by the energy reserve, determined by 
taking into account the polytropic nature of the compression process – expansion of the working 
fluid in the cylinder of a diesel engine. 

Thus, each diesel engine has an unaccounted for power reserve, and the resulting pressure in-
crease (10) must be considered as a power reserve coefficient. 

Engine power is a function of the specific resistance to movement (dynamic factor) of a dump 
truck along quarry tracks, the traction force applied to the wheels of the dump truck, the mass of the 
cargo carried and the transportation speed, which together determine the specific fuel consumption 
per unit load. Moreover, for each fixed value of variable factors, the speed of movement, and, con-
sequently, the specific fuel consumption, take the only value corresponding to the given size of the 
dump truck [11]. 

To optimize the energy parameters of the dump truck, we calculate the minimum fuel con-
sumption per unit of transported cargo for a given capacity of the dump truck body. Minimize 
function 
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where T – the number of hours of the truck for the year; Ω – total number of travels in empty and 
loaded directions in one hour; Gij – fuel consumption per travel; Qi – annual loading capacity. 

The determining parameter of model (11) is the speed of the dump truck, since the specific fuel 
consumption and the number of trips that a dump truck can make per unit time depend on this pa-
rameter. 

When deriving the equations for the speed of the dump truck in the cargo and empty directions, 
we proceeded from the definition of the dynamic factor, i.e. specific resistance to the movement of 
the dump truck on career roads. The dynamic factor is the most important parameter of the truck, 
the value of which depends on the mass of the transported cargo (cargo or empty direction of 
movement), the traction force applied to the wheel of the truck, and depending on the overcome re-
sistivity, the speed of the truck [12-15]. 

The traction force of a dump truck is expressed as the sum 

 whwh WF ,                                                                (12) 

where   jRi WWWWWW air0wh – total resistance to movement (main, from the road gradi-
ent, on curved sections, air, inertia). 

From formula (12) we obtain the well-known formula for the dynamic factor: 

jRi wwww
gG
WFD 


 0

a

airwh ,                                                 (13) 

where w0, wi, wR, wj – resistivities (main, from the road gradient, on curved sections and inertia 
forces). 

The traction force applied to the wheels of the dump truck is described by the functional 

 enawh ,, vDGfF                                                           (14) 

or since Fwh has its own meaning for each size of the truck, it can be written 

 enwh ,vDfF  ,                                                           (15) 

Thus, functional (14) decomposes into two functions: 

 Df
v
F

1
en

wh  ,                                                             (16) 

 en2wh vfF  .                                                           (17) 

Expressions (16) and (17) can be explicitly written as power monomials, i.e. 

1
21

en

wh  Dkk
v
F  и 1

en3wh
 vkF ,                                             (18) 

where k1 = Fw h/ven – specific force; 0
2

 ek , 0
3

 ek – proportionality factors (numbers); е – base 
of the natural logarithm; 0, 1, 0, 1 – degree indicators characterizing the intensity of change in 
traction Fwh. 

After simple transformations of formulas (18), we obtain the following expression for the 
speed of the truck: 
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Dk
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2

3
en  ,                                                               (19) 

where 
11

1


n ;  11

2

1 


m ; 
1

1

1 


j . 

The values in the formula (19) are determined on the basis of experimental data obtained from 
the analysis of the operation of mining dump trucks. For each size of the truck, the values of the de-
gree indicators have their own value, depending on the operating conditions of the transport system. 
It follows from formula (19) that the speed of dump trucks is a complex parameter that depends on 
many factors, in particular, on the specific work performed in the transportation work process (de-
nominator). With an increase in specific work, the speed of movement, both in the loaded and in the 
empty directions, decreases. In the empty direction, the specific work has a minimum value, there-
fore, the speed of movement takes the greatest value under the same conditions as in the first case. 
The denominator in formula (19) characterizes the intensity (speed) of the implementation of trac-
tion by a dump truck with a change in speed. 

Formula (19) expresses the main dynamic characteristic of the truck’s working process (along 
with the dynamic factor), since the formula includes almost all the parameters (kinematic, dynamic 
and energy) that determine the operation of dump trucks during their operation in specific mining 
and geological conditions. Theoretical determination of the coefficients and exponents is probably a 
very difficult task. There is considerable practical experience in operating dump trucks in open pits 
and opencast mines, which will make it possible to apply the statistical method of analyzing ex-
perimental data to obtain regression equations based on the least squares method. 

The experimental graphical dependences of the traction force and speed on the mass of the 
transported cargo for the BelAZ-7540 dump truck are shown in Fig.2 [4]. 

Using the method of regression analysis, by processing the experimental data of the BelAZ-
7540 dump truck, a generalized formula for the speed of its movement is obtained: 

 
 
 

Fig.2. Dependencies of the traction force and the speed of the truck on the mass of the transported cargo: 
a – experimental data at D = 1000 N/t; b – at D = 1450 N / t 
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314.0

437.0

en
111.077.252

D
GDv  .                (20) 

The specified values in formula (20) are the mass 
of the transported cargo and the calculated value of 
the dynamic factor, which depends on the specific re-
sistance to movement of the truck. Formula (20) 
shows that with an increase in the dynamic factor, the 
speed of the truck decreases. The nature of the change 
in speed can be shown for the case of a constant mass 
of cargo G with a change in factor D. 

Figure 3 shows a graph of the speed of move-
ment of a loaded BelAZ-7540 dump truck as a func-
tion of dynamic factor D. The graph shows that with 
an increase in specific resistance to the movement of 

the dump truck, but in fact a dynamic factor, the speed decreases, this is confirmed by experimen-
tal data. 

Since the dynamic factor takes into account the traction force, the minimum necessary to over-
come all resistance to movement, we can assume that each value of the dynamic factor corresponds 
to its own value of the speed of movement, and this value will be optimal. Therefore, when moving 
at this speed, the specific fuel consumption function will take a minimum value at a known loading 
capacity. 

In the work, a career route consisting of two sections was calculated, and optimal values of the 
speed of movement for each section (see table) in loaded and empty directions were obtained.  

 
Dynamic performance of the BelAZ-7540 dump truck 

Section Dynamic factor, N/t Speed, km/h Traction force, kN 
    

1 845.6 / 745.0 17.0 / 18.5 42.2 / 21.6 
2 798.0 / 456.0 25.3 / 31.6 46.3 / 23.7 

 
  

Note. In the numerator, indicators for the loaded direction, in the denominator for empty. 

 
Based on the obtained speed values, an operational calculation of the quarry was made and the 

optimum value of specific fuel consumption for this route was obtained [8]. 
 
 

Conclusions 
 

1. The currently used methods for selecting a dump truck are based on indicator power, which 
does not take into account the thermodynamic processes of polytropic compression and expansion 
processes at all. In order to make the calculation results more accurate, in addition to the design pa-
rameters, it is necessary to take into account the thermodynamic ones, such as the temperature at the 
beginning of the polytropic expansion cycle, the gas constant of the fuel-air mixture, as well as the 
polytropic efficiency, which will take into account the deviation of the actual compression proc-
esses-extensions from adiabat. The calculations made for the BelAZ-7555 mining dump truck 
showed that the effective engine power is 19.01 % more than stated in the passport. This increase is 
provided by the energy reserve, determined by taking into account the polytropic nature of the com-
pression process – expansion of the working fluid in the cylinder of a diesel engine. 

2. Based on experimental data on the actual values of specific resistance to the movement of 
dump trucks, the optimal speeds of the dump trucks were established and justified as a function of 
traction, dynamic factor and the mass of the transported cargo.  
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3. The analysis of experimental data showed that with an increase in the mass of the trans-
ported cargo and an increase in the dynamic factor, and in fact, specific resistance to the movement 
of the truck, the speed decreases and the traction increases. So at a maximum value of the trans-
ported cargo of 30 tons, the speed of movement has the lowest value at all possible resistivities. The 
greatest value of the speed of movement is observed during the movement of an empty dump truck, 
when the resistance to movement and traction force have the least value. 

 
 

REFERENCES 
 

1. Aleksandrov V.I., Vasilyeva M.A. Hydraulic Transportation of Thickened Tailings of Iron Ore Processing at Kachkanarsky 
Gok Based on Results of Laboratory and Pilot Tests of Hydrotransport System. Zapiski Gornogo instituta. 2018. Vol. 233, p. 471-
479. DOI: 10.31897/PMI.2018.5.471 (in Russian). 

2. Aleksandrov V.I., Kuznetsov S.R. Optimization of specific fuel consumption of mining dump trucks, based on geotech-
nological conditions. Estestvennye i tekhnicheskie nauki. 2013. N 6(68), p. 250-255 (in Russian).  

3. Alushkin T.E., Bogdanov I.V. To the analysis of methods for calculating fuel consumption by diesel engines of land vehi-
cles in the quarry. Materialy 56-i nauchno-tekhnicheskoi konferentsii studentov i molodykh uchenykh. Tomsk: Izd-vo Tom. gos. 
arkhit.-stroit. un-ta. 2010, p. 259-263 (in Russian).  

4. Kuleshov A.A., Vasil'ev K.A., Dokukin V.P., Koptev V.Yu. Analysis of variants of ore transportation from quarry to con-
centrating plant in the conditions of «Alrosa» corporation. Gornyi zhurnal. 2003. N 6, p. 13-17 (in Russian). 

5. Voroshilov G.A. Trends and prospects for the use of mining vehicles in mining enterprises of the Ural region. Materialy 
nauch.-prakt. konf. «Kar'ernyi transport 2002 g.». Zhodino: PO «BelAZ», 2002, p. 50-52 (in Russian).  

6. Glebov A.V. Analysis of the characteristics of modern heavy vehicles. Izvestiya UGGGA. Iss. 11. Seriya: Gornoe delo. Eka-
terinburg, 2000, p. 139-143 (in Russian).  

7. Zhuravlev A.G. Technical and technological aspects of the application of mining dump trucks with a combined power plant. 
Problemy nedropol'zovaniya: Materialy I molodezhnoi nauchno-prakticheskoi konferentsii (14 fevralya 2007, g. Ekaterinburg). Eka-
terinburg: UrO RAN, 2007, p. 135-148 (in Russian).  

8. Kozyaruk A.E., Kuleshov A.A. Main directions of improvement of traction drive of quarry automatic dump trucks. Gornyi 
zhurnal. 2003. N 3, p. 54-60 (in Russian). 

9. Kuznetsov S.R., Vasilyeva M.A. The parameters defining power efficiency of dump trucks in opencast mine. Zapiski Gor-
nogo instituta. 2014. Vol. 209, p. 185-189 (in Russian). 

10. Methodology for assessing the energy efficiency of gas transmission facilities and systems. STO Gazprom 2-3.5-113-2007, 
p. 118 (in Russian). 

11. Nashchokin V.V. Technical thermodynamics and heat transfer. Moscow: Vysshaya shkola, 1980, p. 469 (in Russian). 
12. Koptev V.Y. Improving machine operation management efficiency via improving the vehicle park structure and using the 

production operation information database. IOP Conference Series: Materials Science and Engineering, 2017. Vol. 177. Iss. 1. 
N 012005. 

13. Koptev V.Y., Kopteva A.V. Structure of energy consumption and improving open-pit dump truck efficiency. IOP Confer-
ence Series: Earth and Environmental Science, 2017. Vol. 87. Iss. 2. N 022010. 

14. Shishlyannikov D.I., Lavrenko S.A. Research of the mine shuttle car VS-30 drive mode. ARPN Journal of Engineering and 
Applied Sciences. 2006. Vol. 11/23, p. 13941-13944. 

15. Shishlyannikov D.I., Vasilyeva M.A. Research of the Mine Shuttle Car Drive Mode at Potash Mines. Procedia Engineer-
ing. 2016. N 150, p. 39-44. 

 
 
Authors: Viktor I. Alexandrov, Doctor of Engineering Sciences, Professor, Aleksandrov_VI@pers.spmi.ru (Saint-Petersburg 

Mining University, Saint-Petersburg, Russia), Мariya А. Vasilyeva, Candidate of Engineering Sciences, Associate Professor, Va-
sileva_MA@pers.spmi.ru (Saint-Petersburg Mining University, Saint-Petersburg, Russia), Vladimir Y. Koptev, Candidate of Engi-
neering Sciences, Associate Professor (Saint-Petersburg Mining University, Saint-Petersburg, Russia). 

The article was received on 23 Yanuary, 2019. 
The paper was accepted for publication on 27 May, 2019. 
 


