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Abstract. Since the end of the last century, a significant number of hydraulic excavators have arrived 

on Russian quarries. Most of these excavators are equipped with backhoe operating equipment. The 

widespread use of such excavators in open-pit mining proves their exceptional efficiency. However, 

at the same time there is no clear understanding of the conditions under which a hydraulic excavator 

will be most effective: a theory of the face block of hydraulic shovels has not yet been developed. 

The available scientific studies are limited to determining the rational height of the excavation layer 

for efficient operation. If to take the quality of preparation of rock mass and the scheme of its loading 

into dump trucks as external parameters, i.e. not depending on the features of excavator design, then 

the position of its working equipment relative to the rock block has a decisive influence on operation 

of the hydraulic drive and fuel consumption. This is due to the changing value of digging force at 

various points of the bucket teeth position in the range of their possible positions at constant power 

of the hydraulic drive. Thus, application of optimal position of hydraulic excavator working 

equipment elements (bucket, arm, and boom) relative to the rotary platform and the rock massive 

during the digging cycle allows both to reduce fuel consumption and to increase the digging force. 

The application of the developed methodology is promising in terms of improving the energy 

efficiency of both individual excavation and loading units and the enterprise as a whole. 
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Introduction 

Currently, there is a tendency at open-pit coal mines to increase the number of hydraulic 

excavators working on excavation and loading of overburden and coal. This explains the increased 

attention to determining the optimal parameters of equipment operation, ensuring minimum 

consumption of resources without loss of productivity. A number of papers are devoted to this issue, 

and the working process of excavators of different types has been studied. In particular, papers [1-3, 

22, 24] have been aimed at description of interaction between rocks and dragline bucket; the articles 

[4, 5, 7] give the results of cutting ground with buckets of different equipment; works [8, 9, 14] are 

aimed at modeling of ground digging, including modeling by discrete-element method. Separately, 

we should note the fundamental work on the theoretical foundations of loosening of soils, modeling 

of working processes and prediction of parameters of excavation machines [13]. Articles [15-18] 

describe modeling the dynamics of the digging process in terms of technology without taking into 

account the parameters of a particular face. The works [10, 19, 20] are aimed at solving technological 

issues of hydraulic excavators’ application.  

As practice shows, the use of hydraulic shovels leads to a decrease in coal excavation losses in 

comparison with similar by productivity rope shovels in the same mining and geological conditions. 

Especially strong positive effect on the reduction of losses is shown when using hydraulic backhoes 

in tectonically disturbed zones with complex geological structure and in low thickness seams' mining 

[21, 22, 26]. In addition, the granulometric composition of the blasted rock mass excavated by 

hydraulic shovels, is favorable for its use for various purposes: arrangement of road pavement, 

preventing the premature wear of tires of open-pit dump trucks [27] and so on. The reason for this is 

more stringent requirements for drilling and blasting preparation of overburden rocks in comparison 

with rope excavators. In a number of works such problems as design of typical passports of faces, 
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studying the influence of face type on excavator productivity and general indicators of their work, 

analysis of hydraulic excavators’ operation in different conditions have been solved [19, 20, 23, 25]. 

In general, the rational conditions for the use of this type of excavation equipment are established and 

the reliability of its operation is evaluated [28]. However, there are practically no works devoted to 

determining the energy efficiency parameters of hydraulic excavators. The condition determining the 

position of the working equipment of hydraulic excavators, at which the maximum digging force is 

achieved at minimum pressures developed in the hydraulic system of the working equipment drive, 

is to achieve the maximum moments of force developed by the hydraulic cylinders of the bucket, arm 

and boom. Achieving this condition will ensure the minimum pressure developed by the hydraulic 

pump at the maximum power output, thus reducing the power consumption of its drive (diesel or 

electric) to a minimum and increasing the wear life of the working equipment elements joints, which 

is confirmed by the relevant studies [6, 11, 12]. 

The effective power of the pumps for the hydraulic drive of the working equipment is generally 

calculated as the multiplication of the pressure developed by the pump, by the oil consumption rate. 

Part of the pressure is spent on movements of the working equipment, and part is spent on creating 

force on the cutting edge of the excavator bucket teeth. Minimizing pressure in the hydraulic system 

while maximizing digging force is a priority for energy efficiency because it minimizes the power 

consumption of the hydraulic pumps and therefore the power consumption of the excavator's power 

plant. It also reduces the negative impact of the increased pressure on the seals of the connections and 

the flexible hoses of the hydraulic drive. 

 

Materials & Methods 

As an example, let's look at the kinematics of the Hitachi EX8000-6 hydraulic backhoe. 

Kinematic diagram is shown in Fig. 1. 

 
Fig. 1. Kinematic scheme of a backhoe bucket: F1 is the force developed by the bucket hydraulic 

cylinder; α1 is the angle between the hydraulic cylinder rod and the first lever of length r1; F2 is a 

part of the hydraulic cylinder force transmitted to the second lever, located at an angle β1 to the first 



 

 

 

lever; α2 is the angle between the second lever and the line connecting the centers of the bucket 

eyelets. 

 

The torque of the hydraulic cylinder force, which causes the bucket to turn, is equal to 

 2 2 2 2sinM F rα= ⋅ ⋅  (1) 

In this case the torque M2 will take the maximum value at α2 = 90º and the maximum value of 

F2 = F1 (i.e. at α1 + β1 = 180º or at γ = 0). In general, the fulfillment of the condition of reaching the 

maximum torque for the bucket rotation 

M2 → max      (2) 

will look as follows: 
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Implicit expression of the condition of reaching the maximum torque is due to the fact that the 

equipment manufacturer reserves the right to make changes in the design of individual elements 

(arms, buckets, etc.), including their dimensions. Thus, it is not possible to analytically accurately 

describe and calculate the bucket position relative to the arm, corresponding to the maximum torque 

of the hydraulic cylinder. 

The graph-analytical method of solving (2) and (3) is the most acceptable for any component of 

the working equipment of the backhoe, installed at the current moment on the excavator. Its essence 

consists in modeling a turn of a bucket relative to an arm at extension of the hydraulic cylinder rod 

from minimal (retracted) to maximal (extended) position with simultaneous measurement of angles 

α1, α2, and β1. 

As the limiting position of the hydraulic cylinder and levers, at which the equality α1 + β1 = 180º 

is executed, is impossible owing to design features of the excavator working equipment, then, having 

expressed F2 through F1, it is possible to find an optimum position of elements of a drive of the bucket 

at which the moment M2 will be maximal: 
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The maximum length of the fully extended hydraulic cylinder of the Hitachi EX8000 6 excavator 

bucket drive is 7590 mm, while the fully retracted one is 4690 mm (approximately). To find the 

maximum reduced torque M2 (at F1 = 1 and r2 = 1) in the specified range of values with the step of 

100 mm the movement of the hydraulic cylinder rod and the corresponding to its rotation of the bucket 

of the given excavator were simulated. The simulation results are shown in Table 1 and in Fig. 2, 3. 

 

Table 1 

Values of angles α2 and γ, length of the bucket drive cylinder L and reduced torque M2 (with F1 = 1 

and r2 = 1) 

length of the bucket drive cylinder L, mm α2, degrees γ, degrees M2, ×100 N/m 

5000.00 128.58 17.47 74.5679954 

5100.00 124.98 18.55 77.6783908 

5200.00 121.53 19.57 80.3127785 

5300.00 118.20 20.52 82.5384648 

5400.00 114.96 21.43 84.3924311 

5500.00 111.79 22.30 85.9104066 

5600.00 108.67 23.15 87.1093975 

5700.00 105.60 23.96 88.0166069 

5800.00 102.56 24.77 88.6267537 



 

 

 

 

 

5900.00 99.54 25.56 88.965757 

6000.00 96.54 26.35 89.0268144 

6100.00 93.54 27.15 88.8117103 

6200.00 90.53 27.96 88.3237341 

6300.00 87.52 28.75 87.5905602 

6400.00 84.48 29.66 86.4947474 

 

The data presented in Table 1 show that the maximum torque occurs at bucket cylinder lengths 

from 5900 mm to 6100 mm. 

 

 
 

 

Fig. 2. Dependence of the reduced torque M2 on the angle α2 
 

The resulting expression 

 2

2 2 20.0151 2.9458 54.414М α α= − ⋅ + ⋅ −  (5) 

shows the qualitative dependence of the reduced torque M2 on the angle α2. 

To find the angle α2 at the maximum torque M2, find the first derivative of the obtained 

dependence and solve it by equating it to zero: 
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The maximum reduced torque is calculated by substituting the obtained value α2 into expression 

(5) and equals 8926 N/m. 

A similar model can be applied to determine the length Lh of the bucket hydraulic cylinder at the 

maximum reduced torque (Fig. 3): 

y = -0,0151x2 + 2,9458x - 54,414
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Thus, the bucket position in relation to the arm at bucket hydraulic cylinder length Lh = 5974.34 

mm or at angle α2 = 97.54º corresponds to the maximum torque M2, developed by the hydraulic 

cylinder of the Hitachi EX8000-6 backhoe. 

 
Fig. 3. Dependence of reduced torque M2 on bucket hydraulic cylinder length 

 

Maximum energy-efficient condition of the "boom-arm" unit corresponds to such position of the 

arm at which its hydraulic cylinders develop the maximal torque (fig. 4). The kinematics of the arm 

is simulated graphically. 

 
Fig. 4. Kinematic diagram of the backhoe arm: F3 – force developed by the hydraulic cylinder 

of the arm; r3 – lever that connects the axis of the hydraulic cylinder and the arm and the axis of the 

arm and the boom; α3 – angle between the hydraulic cylinder axis and the lever; M3 – torque of the 

arm, produced by the hydraulic cylinder. 
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Based on the above diagram, the maximum torque of the arm occurs at an angle α3 = 90º. The 

specified condition is fulfilled at hydraulic cylinder length L3 = 5492 mm. 

It is more difficult to find the energy-efficient condition of the "boom – rotary platform" unit 

(Fig. 5). Value of the reduced torque M4 (at F4 = 1 and r4 = 1) is found by the formula 

 4 4 4 4sinM F rα= ⋅ ⋅ , (8) 

where F4 is the force developed by the boom hydraulic cylinder; r4 is the lever connecting the mount 

axis of the hydraulic cylinder and the boom and the mount axis of the boom and the platform; α4 is 

the angle between the hydraulic cylinder axis and the lever. 

The design features of the "hydraulic cylinder – boom – platform" system do not allow the angle 

α4 to reach 90º, so the maximum torque will be generated at the angle α4, which has the maximum 

value. 

 
Fig. 5. Kinematic diagram of the backhoe boom: F4 is the force developed by the boom hydraulic 

cylinder; r4 is the lever connecting the mount axis of the hydraulic cylinder and the boom and the 

mount axis of the boom and the platform; α4 is the angle between the hydraulic cylinder axis and the 

lever; M4 – the boom torque developed by the hydraulic cylinder; L4 – hydraulic cylinder length (by 

the centers of the eyelets); β4 – the boom tilt angle. 

 

To find the boom position at which the angle α4 will reach the maximum value, the hydraulic 

cylinder rod movement and the corresponding rotation of the Hitachi EX8000 6 excavator boom were 

simulated. The results of the simulation are shown in Fig. 6. 

To find the maximum value of the angle α4, let's find the solution of the first derivative of the 

obtained dependence, which is equal to zero: 
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At this value of L4, angle α4 = 24º, angle β4 = 13.24º. 

This position of the working equipment (boom, arm and bucket) of the Hitachi EX8000-6 

backhoe is optimal in terms of effective use of the potential of this type of equipment. 

 



 

 

 

 
 

Fig. 6. Dependence of the angle α4 (between the hydraulic cylinder axis and the lever r4) on the 

boom hydraulic cylinder length L4. 

 

Mathematical model (1)-(9) describing optimum position of the working equipment can be used 

for calculations of any other equipment having similar design to that of Hitachi EX8000-6 backhoe. 

 

Results and discussion 

Application of the mathematical model (1)-(9) is not limited to finding the energy-efficient 

position of the working equipment. From the technological point of view, the use of the developed 

model makes it possible to find the part of the face relative to the excavator in which the energy 

consumption for rocks extraction will be minimal. 

With this purpose it was simulated positions of boom, arm and backhoe bucket of Hitachi 

EX8000-6 at which angles α2 (see fig. 1), α3 (see fig. 4) and β4 (see fig. 5) changed within the range 

of ±5º from their maximum effective values. Graphically the results of the simulation are shown in 

Fig. 7. 

The outermost points of each segment shown in Fig. 7, correspond to the position of the bucket 

teeth when the angle α2 (see Fig. 1) deviates by ±5º from its most effective value. Horizontal groups 

of three segments correspond to the position of the arm when the angle α3 (see fig. 4) deviates by ±5º 

from its maximum effective value. The leftmost and rightmost limits of this area correspond to a 

deviation of the arm from its maximum effective position (change in angle β4 in Fig. 5) by +5º and -5º, 

respectively. 

The most optimal position of the working equipment (energy-efficient position of the working 

equipment) of the excavator under consideration is achieved at the following values of hydraulic 

cylinder lengths and corresponding angles (see Fig. 1, 4, 5): 

- bucket cylinder length Lbuc = 5974.34 mm or angle α2 = 97.54º; 

- arm cylinder length Larc = 5492 mm; 

- boom cylinder length Lboc = 7200 mm or boom angle β4 = 13.24º. 
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Fig. 7. Area of energy-efficient position of excavator bucket teeth relative to the maximum 

possible movement path of Hitachi EX8000-6 backhoe bucket 

 

Analysis of the obtained results shows that the energy-efficient digging radius (EEDR) of Hitachi 

EX8000-6 backhoe changes in the range from 13.6 m to 17.2 m; height (depth) of digging – 

respectively from +1.1 m to - 1.5 m relative to the excavator standing level. Thus, the area of energy-

efficient position of bucket teeth of the considered excavator is inside of the maximum possible 

trajectory of working equipment position (Fig. 7), and it is close enough from the geometrical center 

of the last. It is also remarkable that the central point of the area of the energy-efficient position of 

the excavator bucket teeth corresponding to the maximum effective position of the bucket, the arm 

and the boom, is at the excavator standing level (at a height of ±0 m) at EEDR distance, where it takes 

its most optimal value equal to 15.5 m. However, the authors consider it necessary to clarify that this 

provision requires further testing and verification on excavator models of other manufacturers. 

 

Conclusion 

The method for determining the area of energy-efficient position of the working equipment of 

other brands and models of hydraulic excavators is similar: the maximum effective positions of each 

element of the working equipment are determined, then the parameters of the effective position of the 



 

 

 

working equipment as a whole are determined, and then the effective digging radius is calculated. 

This approach is applicable when calculating the optimal parameters of excavator position in the face. 

Application of the developed methodology will lead to reduction of operating costs and increase the 

productivity of excavation and loading equipment during mining operations. 
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