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Abstract. Three olives harvesting systems from the tree have been compared (manual, facilitated 

and mechanical) through experimental trials carried out respectively in three plots of a Calabrian 

olive orchard in the Province of Crotone. The grove is traditional and monovarietal, composed of 

Carolea cultivar with a planting density of about 150 plants ha-1. In this study, work productivity 

in three divers sites where harvesting was achieved according to different systems has been 

examined, as well as their effects on produced oil quality. Olives have been harvested by mean 

of sticks and nets in the manual harvesting (system I), by mechanical aids and nets in the 

facilitated harvesting (system II), and finally, by mean of trunk shaker and nets in mechanical 

harvesting (system III).The different work sites have been examined in terms of work 

productivity, as well as in terms of impact on final product quality, through the withdrawal of a 

series of oil samples extracted separately and analyzed in laboratory. From the effectuated trials, 

it has emerged that the site operating with mechanical harvesting has achieved the best results, 

both from quantitative and qualitative points of view. Indeed, olives harvested mechanically, 

certainly more intact than those harvested with other systems, produced oil with the best 

organoleptic parameters. 

 

Key words: olives, mechanical harvesting, oil quality. 

 

INTRODUCTION  

 

With about 3,300,000 tones, Italian production of olives is situated at the second 

place in the world after Spain, and it is concentrated for almost 80% in three southern 

regions: Apulia, Calabria and Sicily (FAOSTAT, 2009 & ISTAT, 2002ï2008). 

The high economical value assumed by such cultivation in the territories where it 

is spread justifies the numerous researches aimed to solve problems related to the 

production. The main one is represented by olives harvesting and its economical and 

management aspects. For example, in traditional groves, the cost of manual harvesting 

only at times exceeds 60% of the entire production cost (Zimbalatti, 2004). To promote 

more suitable harvesting systems with use of trunk shakers or other modern machinery, 

it is necessary therefore, to encourage new intensive plants, able to be fully mechanized, 

utilizing new trunk shakers that through a correct use improve olive harvesting and 

subsequently oil quality. 

Currently in Calabria mechanical harvesting is quite diffused, especially in some 

areas. Indeed, date the exceptional rusticity of the plant, the orographic conditions of the 

area where traditionally it has developed the olive (with the exception of the óPiana di 

GioiaTauroô) are characterized by sloping or very slope lands, and frequently 

inaccessible to machines of great sizes (as are the shakers). Are widespread, according 

mailto:laben@unirc.it
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to the size of the trees, other forms of mechanization: the rods shakers portable and/or 

the mechanical pick up from ground. (Abenavoli & Marcian¸, 2013) 

Despite the persistence of the economic crisis, there is a consolidated part of 

consumers that prefers to acquire high quality oil. This purchase tendency would 

certainly be reinforced in the future if accompanied by lower prices, therefore lower 

production costs. This is possible only through a larger spread of modern machinery such 

as trunk shakers that preserve furthermore product quality. (Giametta & Pipitone, 2004) 

In this context, Mechanics Section of the Department of Agriculture of Reggio 

Calabria carried out a number of harvesting trials in a Calabrian olive farm situated in 

the Province of Crotone. In this study, work productivity in three divers sites where 

harvesting was achieved according to different systems has been examined, as well as 

their effects on produced oil quality. 

 

MATERIALS AND METHODS  

 

The research was conducted in the harvesting period during the years 2012 and 

2013. In particular, the harvesting tests were performed during the last week of 

November in which were analyzed three different systems of harvesting of olives and 

for each yard was picked an oil sample for analysis in a specific laboratory analysis to 

determine the quality organoleptic properties. 

The olive farm, subject of this study, is located in the Calabria territory of Cotronei 

at 500 meters above sea level, in the province of Crotone (in Alto Marchesato), and in 

addition to having a surface with about 200 ha of olive trees, has its own oil mill for the 

processing of olives. 

Based on the data collected for half a century in óHydrological Yearbooks of the 

Hydrographic Service of the Stateô and made available by ARPACAL on its website 

(ARPACAL, 2009), is apparent that the station weather-hydrological of Cotronei is 

interested by average annual rainfall including between 800 and 1,200 mm, distributed 

on average on 73 rainy days. In particular in the 2011 (1,746 mm) and in the 2012 

(1,647 mm) there has been an increase of mean annual precipitation, distributed an 

average of about 100 rainy days per year. The average annual temperatures vary between 

16 ÁC and 18 ÁC, with absolute minimum temperatures that does not descend below zero 

and those maxims that reach the 42 ÁC. 

By virtue of this brief analysis, for the station of Cotronei, can be attributed the 

climate to the type Mediterranean, with a period of aridity variable from 4 to 5 months 

(May to September) and precipitation of stormy character generally confined to the 

autumn and winter. 

In the corresponding olive campaign, the total production of olives in the farm 

concerned by the trials was equivalent to 1,300,000 kg, with about 240,000 kg of extra-

virgin oil obtained with an average yield of 18.46%. 

The farm, the subject of this work, consists of a traditional monovarietal grove of 

Carolea cv, and is composed of three plots (indicated in the following as: a, b and c), 

not homogeneous in ground topography and planting distance. In each of these plots, it 

has been adopted a harvesting system retained more suitable for the specific features 

(Table 1 and 2). 
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Table 1. Studied plots with respective ground topography and utilized harvesting system 

Plot Ground topography Harvesting system 

a plane mechanical 

b declivous facilitated 

c high slope manual 

 
Table 2. The three harvesting organizations 

Workers for 

activities 
Plot óaô Plot óbô Plot ócô 

Mechanical shaker 1 0 0 

Vibrating rod 0 2 0 

Wood sticks 0 2 3 

Harvesting nets 8 4 2 

Moving boxes 2 2 2 

 

The three harvesting organizations utilized in the three plots are described in the 

following: 

 

Mechanical harvesting in plot óaô (plane ground): 

The site of the first trial is made up of a level ground and the olive trees are the 

cultivar Carolea with groves are planted of 10 x 10 m and an average age of about 

100 years (Fig. 1). The trees are grown vase-shaped and have a framework composed of 

three or four main branches. The latter have the characteristic trend assurgent (typical of 

this cultivar) while the height of the trunk average of 1ï1.20 m. Accordingly, the trees 

are even considering the heavy weight (3õ5 g) of the fruit, particularly suitable for 

mechanical harvesting with the employment of the trunk shaker. 

The harvest was performed using self-propelled vibratory shaker (SICMA F3) 

wheel drive on three wheels(the singleis posterior and steering axle) hydraulic 

transmission. The warhead-carrying arm is telescopic and the commands for the 

handling of machine and the vibrations are carried out by a joystick; the vibrating head 

is at very high frequencies and self-braking. The engine is a supercharged 4-cylinder 

IVECO that packs a punch of 93 kW at 2,300 g min-motor-1 (Fig. 2). 
 

  
 

Figure 1. Plane ground (plot óaô). 

 

Figure 2. Mechanical harvesting. 
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The collection began with the drawing up of the networks under the foliage of the 

olive trees and along the between rows and after the shaker proceeded along the line 

directing the head of the vibrator to the trunk of each tree (usually about 10 cm below 

the point of insertion of the main branches). In the meantime in which the machine 

shaking trees already provided with networks, some workers continue to drawing up the 

other networks under the olive trees yet to shake, in order to ensure a certain continuity 

of the work, while the fallen olives in networks were unloaded into the cassettes by other 

workers. The free networks were then dragged under the following trees, while the 

olives, after clearing them from leaves and twigs, were initiated at the oil mill. 

The main critical issues were reported by this phase mainly concerned the 

difficulties of combining the action of the shaker with the movement of networks by the 

workers for the burden of managing them (due to the weight and size), plus some 

downtime of the vibrator during the maneuvers of approach and departure from the trunk 

of the trees. 

 

Facilitated harvesting in plot óbô (declivous ground): 

The site of the second test he was in a declivous ground, with an average slope at 

around 22% and the majority of olive trees were arranged in terracing. The trees were of 

cultivars Carolea, with groves are planted of 10 x 10 m and an average age of about 

100 years (Fig. 3). The trees are grown polyconic vase-shaped and had an average height 

of the trunk of about 1 m. The orographic conditions of the terrain does not have allowed 

to execute the harvest with the vibrators self-propelled (given the dimensions that have 

the machines) and so this was made with portable mechanical devices fitted with hooks 

shakers of boughs. 

The machine used is the Cifarelli SC800 which is provided with a motor of 52 cm3, 

single-cylinder two-stroke air-cooled. The rod is of the telescopic type with variable 

length (from 3 to 5 cm), and is provided with terminal hook. The whole device weighs 

about 15 kg and can produce more than 2,000 oscillations min-1 (Fig. 4). 

 

 
 

 
 

Figure 3. Declivous ground (plot óbô). Figure 4. Facilitated harvesting. 
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In this second yard after you have spread networks manually under the trees, two 

workers with facilitators devices were starting to shake up the single fruit bearing boughs 

of each tree. The operations of shaking are completed with the manual down hearting by 

two workers fitted with wooden rods for dropping the remaining drupes. Finally, the 

fallen olives were being transferred from the nets in crates and after clearing them from 

leaves and twigs, promptly sent to the oil mill. 

During the tests of harvest were observed some dead times determined both by 

fatigue of workers in the use of the shaking portable because of the vibrations transmitted 

in the arms, and the difficulties encountered in networks drafting along the rows because 

of the slope of the ground and of the irregular terracing. 

 

Manual harvesting in plot ócô (ground with high slope): 

In the third test site the ground was strongly declivous, with an average gradient of 

32% and the majority of the plants were disposed in terraces. The trees were reared free-

form and they had an average height of the trunk of about 1.00 m (Fig. 5). In this case 

the orographic conditions of the ground and the difficulty of displacement of workers 

had not allowed to perform the harvest with no mechanical device also of portable type. 

Harvesting was therefore carried out only manually utilizing the wooden poles (Fig. 6). 

 

  
 

Figure 5. Groundwith a high slope (plot ócô). 

 

Figure 6. Manual harvesting (beating). 

 
In this yard, once the networks were drawn under the foliage of the olive trees, three 

workers equipped with wooden poles started to beat the fruiting boughs. The olives have 

fallen into the nets were collected in crates and, after clearing them from leaves and 

twigs, sent directly to the oil mill. 

The high slope of the ground and the irregular terracing, made it difficult the 

working conditions especially in the movements of the workers when they spread forth 

their nets along the rows. The olives for more were falling away from them for the action 

rather vigorous of the wooden poles on fruiting boughs. 

After having examined productivity in the three different work sites, the study 

focused on the characterization of oil quality influenced by harvesting system. Indeed, 

olives harvesting techniques and delivery time to the extraction unit may affect 

organoleptic properties of the transformed product. Therefore, olive oil samples have 

been extracted for each harvesting systems adopted according to the following 

parameters: 
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¶ 3 samples of olive oil pressed after 8 hours from harvesting, identified with the 

letter óAô. 

¶ 3 samples of olive oil pressed after 24 hours from harvesting, identified with the 

letter óBô. 

¶ 3 samples of olive oil pressed after 48 hours from harvesting, identified with the 

letter óCô. 

 

  
 

Figure 7. Some of the oil samples used for the analysis. 

 
Each oil sample of 250 ml has been labelled according to the corresponding 

harvesting system and extraction time (Fig. 7) and it has been sent to an appropriated 

laboratory to be analyzed. The laboratory analyses are aimed at determine acidity 

percentage and peroxide quantity present in each sample of oil. Acidity represents a 

fundamental indicator for olive oil quality because it defines commodity classification. 

Peroxide quantity; however, indicate oxidation level of unsaturated fatty acids that 

provide a characteristic rancid smell to the oil, especially, if it is subject to high 

temperatures, light and oxygen. Less is the number of peroxide, better is olive oil quality 

and its shelf-life. The oxidative processes may be revealed through measurement of 

spectrophotometric constants: 

¶ K232 (value of specific extinction at 232 nm, the wavelength corresponding to the 

maximum absorption of conjugated dienes); 

¶ K270 (value of specific extinction 270 nm, the wavelength corresponding to the 

maximum absorption of conjugated trienes). 

¶ DK (trend of the absorption curve in the range of 264ï272 nm; sheds light on the 

presence of the compounds of secondary oxidation). 

 

RESULTS AND DISCUSSION 

 

Work analysis in the three harvest sites has shown that plot óaô (mechanical 

harvesting) has a higher yield, with a work capacity equal to 80 plants a day (during an 

8 hours working day. Plot óbô (facilitated harvesting) has instead presented a work 

capacity of 36 plants a day with about 4,000 kg day-1 of harvested olives. Such capacity 

resulted two times higher than in plot ócô (manual harvest) that reached a productivity of 

2,000 kg day-1. 

Finally, elaborated data show how the use of mechanical aids and shaker machines 

during harvesting guarantees an important increasing of productivity, compared to the 

site where harvesting was effectuated manually (Table 3) (Giametta & Zimbalatti, 1997). 
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Table 3. Summarized scheme of obtained yields with the three harvesting systems 

Harvesting 

system 
Utilized machine 

Lab./ 

site 

Site capacity Work productivity Variation with 

manual harvest 

(%) 
Plant day-1 kg day-1 plant ay-lab.-1 kg day-lab.-1 

Mechanical 

(Plot óaô) 
shaker Sicma F3 11 80 7,000 7.3 636 143 

Facilitated 

(Plot óbô) 

mechanical aids 

Cifarelli 
10 36 4,000 3.6 400 20 

Manual 

(Plot ócô) 
ï 7 20 2,000 3.0 300 0 

 

Moreover, there is another aspect to consider that concerns damages undergone by 

olives with the employment of divers harvesting systems. Particularly, olives from plot 

óaô, obtained by mechanical harvesting, are visibly intact; however, olives obtained by 

mean of facilitated harvesting appear partially damaged because of beating. Thus, in 

order to avoid that oxidative and fermentative processes affect qualitative features of oil, 

a fast transport to the extraction unit is necessary for an immediate transformation. 

Effectuated analyses in a renowned regional laboratory demonstrated that samples have 

different characteristics between them, although, they fulfil all requirements of UE 

Regulation about extra virgin olive oil quality.Acidity, peroxide number and UV 

spectrophotometric (K232, K270 and Delta-K) are parameters determined in the 

laboratory. The measure of acidity is the oldest parameter used to assess the quality of 

olive oil and its product classification. As it can be noted in Table 4, obtained oil from 

olives harvested mechanically, has the best parameters in the three analyzed samples. 

The following figure (Fig. 8) shows acidity and peroxides tendency in the three extracted 

samples for each harvesting system. 

 
Table 4. Results of the analyses on olive oil samples (UE Reg. nÁ 1531/2001) 

Sample 
Harvesting  

system 

Acidity 

(%) 

Peroxides 

(meq O2/ kg-1) 

UE Reg. nÁ 1531/2001 

Acidity 

(%) 

Peroxides 

(meq O2 kg-1) 
Classification 

1 A mechanical 0.42 9.2 < 0.8 < 20 Extra virgin olive oil 

2 A facilitated 0.49 10.4 < 0.8 < 20 ó 

3 A Manual 0.56 13.0 < 0.8 < 20 ó 

1 B mechanical 0.49 9.4 < 0.8 < 20 ó 

2 B facilitated 0.56 11.8 < 0.8 < 20 ó 

3 B Manual 0.63 13.9 < 0.8 < 20 ó 

1 C mechanical 0.59 10.4 < 0.8 < 20 ó 

2 C facilitated 0.64 13.8 < 0.8 < 20 ó 

3 C Manual 0.77 14.3 < 0.8 < 20 ó 
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Figure 8.Acidity and peroxides tendency in analyzed samples. 

 

Always according to the forward regulation (UE Reg. nÁ 1531/2001), the results of 

UV-spectrophotometric analyses effectuated on the same samples are reported in 

Table 5. In this case also the analyses complete and confirm the previous results about 

the best quality of oil obtained from olives harvested mechanically. 

 
Table 5. Results of spectrophotometric analyses on extracted samples 

Sample 
Harvesting  

system 

Acidity 

(%) 

 

Peroxides 

(meq O2 kg-1) 

 

UE Reg. nÁ 1531/2001 

Acidity 

(%) 

Peroxides 

(meq O2 kg-1) 
Classification 

1 A Mechanical 

(plot óaô) 

0.42 9.2 < 0.8 < 20 Extra virgin olive oil 

1 B 0.49 9.4 < 0.8 < 20 ó 

1 C 0.59 10.4 < 0.8 < 20 ó 

2 A Facilitated 

(plot óbô) 

0.49 10.4 < 0.8 < 20 ó 

2 B 0.56 11.8 < 0.8 < 20 ó 

2 C 0.64 13.8 < 0.8 < 20 ó 

3 A Manual 

(plot ócô) 

0.56 13.0 < 0.8 < 20 ó 

3 B 0.63 13.9 < 0.8 < 20 ó 

3 C 0.77 14.3 < 0.8 < 20 ó 

 

The analyzes carried out on the chemical quality of olive oil, have shown that the 

collection system can influence the composition of olive oil (Giuffr¯, 2013; Giuffr¯ & 

Louadj, 2013). 
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CONCLUSIONS 

 

From the effectuated trials, it has emerged that the site operatingwith mechanical 

harvesting has achieved the best results, both from quantitative and qualitative points of 

view. Indeed, olives harvested mechanically, certainly more intact than those harvested 

with other systems, produced oil with the best organoleptic parameters (Giametta & 

Zimbalatti, 1994). 

Despite this, olive harvesting in Calabria is still effectuated almost exclusively with 

manual systems or facilitated ones, from the tree when possible or worst from the 

ground. All these problems engender unfortunately a product mostly characterized by a 

scarce quality. Consequently, Calabria although being the second region in Italy for olive 

oil production, as well as particularly devoted to such cultivation, occupies the last places 

for high quality olive oil production (Giametta & Zimbalatti, 1991). 

The studied case demonstrates that also in Calabria, as in other Italian region, there 

are excellent farms which adopt harvesting and extraction techniques that guarantee a 

product of high quality, obtaining recognition at National and International levels. Such 

farms found however difficulties to emerge in extra regional markets because of the 

reputation of the local sector (Zimbalatti et al., 2009).Innovative mechanized harvesting 

operations represent a real watershed in the process of modernization of world olive 

growing. The use of mechanized system of harvesting, which responds to issues linked 

to chronic shortage of labor and to the need to contain production costs, is likely to 

revamp that portion of obsolete and non-cost-effective practices which are no longer 

competitive in the olive growing sector. 

The Calabrian oliviculture, except sporadic innovative examples, remains 

substantially related to traditional systems of production characterized by high costs, low 

unitary productivity, and a low index of mechanization. 

For more competitiveness, it is necessary to have in the entire region a further 

spread of more modern and dynamic orchards, easier to mechanize and therefore more 

productive. Such innovations would certainly allow to lower production costs, 

particularly those of harvesting which remain very high. (Giametta & Morabito, 2006) 

Quality, transparency and orchards accurate management through an appropriate 

and rational use of innovative machines as trunk shaker, that permit a deep 

restructuration of the orchards are important goals to consider for olive farms 

competitiveness. 
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Abstract. Properly performed preventive maintenance is one of the basic conditions for ensuring 

the operability of the mobile machines. There are basically two types of preventive maintenance: 

scheduled maintenance with pre-determined intervals and maintenance by the technical state. 

Common practice shows that maintenance intervals are often determined only by a qualified 

estimate of the machine manufacturer or maintenance manager, which results in costs increase. 

The authors proposed new method of using the modern technology of Global Positioning System, 

in order to reduce costs of preventive maintenance. Mentioned technologies allow users to 

monitor a number of operational parameters of mobile machinery in real time. Collected data 

obtained from the operation can be used for decision-making of maintenance activities. For 

ensuring the availability of mobile machinery it is important to determine the optimal 

maintenance interval. The authors proposed method for using data from satellite monitoring using 

the criterial function in order to determine the optimal interval for performing preventive 

maintenance. Proposed method is demonstrated on the example of accurate determination of 

preventive maintenance intervals for several mobile machines. Using data from satellite 

monitoring and subsequent data processing contribute to better maintenance planning and 

consequently to economical operation. 

 

Key words: maintenance interval, preventive maintenance, maintenance costs, satellite 

monitoring. 
 

INTRODUCTION  

 

There are two basic maintenance systems for ensuring preventive maintenance 

(CSN EN 13306, 2002) of vehicles and mobile machines - maintenance by the technical 

state (condition-based maintenance ï on-board diagnostic) (Honig et.al., 2014) or 

maintenance according predetermined operating time intervals (general unit w; 

examples: travelled distance (km), operated hours (hrs) measured by hour meter, etc.) 

(Drozyner & Mikolajczak, 2007). Amount of the specific fuel consumption is possible 

indicator used as an overall diagnostic signal in the maintenance system according to 

technical state of mobile machines (Lan & Kuo, 2003; Jin et al., 2009). Monitoring of 

specific fuel consumption faces several problems ï a relatively accurate measurement of 

the roller bed test is very expensive, and furthermore, there are problems with the 

measurement of combustion engines with high power and engines of some construction 

machinery. Significantly cheaper acceleration methods are not without problems too, 

especially when measuring the nowadays conventional turbocharged engines, where 

mailto:jindrichpavlu@seznam.cz
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delay of turbocharger during engine acceleration must be eliminated by various 

correction methods. For these reasons, second system (i.e. maintenance according 

predetermined operating time intervals) is mostly applied for group of construction 

machinery and machines with high power engines (Pexa & Marik, 2014). 

Maintenance intervals are often determined only by a qualified estimate of the 

machine manufacturer or maintenance manager, which results in costs increase of 

operating machines ï if the intervals are too short, it leads to unnecessary increase in 

maintenance costs, on the other hand, if the intervals are too long it also leads to increase 

of costs resulting from the poor technical condition of machines (Wiest, 1998). In 

addition, predetermined intervals do not precisely reflect operational utilization of a 

particular machine; the interval is set for the entire group of machines of the same type. 

Attempts to use known methods of mathematical optimization of preventive 

maintenance is problematic (Kucera et al., 2013). Known stochastic models are based 

on knowledge of the probability of failure in different periods of durability of technical 

object. This way of determination of optimal preventive maintenance interval requires 

usage of statistical methods and monitoring of a number of other machine operational 

indicators (dependability characteristics). The required stochastic model of renewal 

could be described and formulated after analysis of the history of machine operation (Eti 

et al., 2006; Jardine & Tsang, 2006; Jurca & Ales, 2007). 

One of the other options how to determine the optimal preventive maintenance 

interval is the application of renewal theory using data from satellite monitoring 

equipment (Darnopykh, 2010). Satellite monitoring of mobile machinery is now 

relatively common, but companies use it in a very limited way ï practically only for 

monitoring of machines (operational state, position, etc.). Transmitted data recorded via 

satellite monitoring can be utilized in more sophisticated way. In order to achieve such 

a goal, authors propose to set up and apply proper algorithm for data processing. Based 

on data of fuel consumption it is possible to determine the optimal preventive 

maintenance interval of a particular machine and determine the losses which result from 

not complying with optimal maintenance interval. 

Algorithm of determination of optimal preventive maintenance interval is based on 

the known value of preventive maintenance costs and slope of linear trend of specific 

fuel consumption, which is obtained by processing data from a satellite monitoring of 

machinery. Calculated optimal preventive maintenance interval is corrected according 

to increasing operating time. In addition, it is possible to verify if previous maintenance 

interval was chosen correctly and how effectively operator of machinery contributes to 

production efficiency and effect of change in operating conditions, etc (Jurca et al., 

2008). 

 

MATERIALS AND METHODS  

 

Principle of operational monitoring using GPS (Global Positioning System) of 

machinery is widely known (Geske, 2007; Cai et al., 2011; Grieshop et al., 2012), 

therefore there are only briefly described issues related to this paper. After turning on 

the ignition system of vehicle, control unit starts up from sleep mode and starts to track 

and store data into its memory and connects to the server (Kans, 2008). After connecting 

the control unit quickly sends the recorded data and subsequently data sends at specified 

intervals, for instance in 120 second intervals. Data is processed in the device according 
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to the configuration file. Obtained data is in a various form: immediate values, maximum 

or minimum for the recorded period, the average, statistical parameters and it is also 

possible to apply various filters, and all data is conveniently available from user web 

application. 

In order to use the theory of renewal to determine the optimal maintenance interval 

of machinery it is important to measure fuel consumption with sufficient precision. Use 

of the CAN-BUS information is not suitable because the accuracy is determined by the 

fuel float up to 10% according to CAN-BUS standard. For this reason, capacitance probe 

CAP04 (Partner mb.) were mounted into fuel tank. 

Capacitive probe CAP04 consists of two tubes of different diameter, which are the 

electrodes of capacitor. The dielectric is composed of electrically non-conductive 

material, specifically with a fuel and air. The relative permittivity of air is Ůr = 1, during 

re-fuelling the air is replaced with diesel which has relative permittivity Ůr = 2 and due 

to this fact the capacity of the capacitor increases. The capacitive sensor measures the 

position of the boundary between air and diesel fuel. 

The probe is also equipped with thermometers to sense temperature of fuel and the 

surface temperature of the fuel tank. The processor evaluates data according to the actual 

capacity of the probe to match the measured volume of diesel at a reference temperature 

15 ÁC. This method ensures that the reported amounts of fuel are not distorted by thermal 

expansion of diesel. Furthermore, the probe measures the tilt of the tank in two axes. 

While driving terrain when the level of diesel fluctuates rapidly and strongly, the probe 

indicates stable signal by means of appropriate filters of the signal. 

General criterial function of renewal (replacement) seeks the minimum of mean 

unit costs of renewal and operation ï the minimum of the function marks the optimum 

time for renewal (see Equation 1). It is obvious, that the costs of maintenance itself act 

in the way of prolonging the standard preventive maintenance period. Conversely, the 

costs of operation, which rise due to worsening technical condition when extending the 

maintenance period, make the preventive maintenance period as short as possible. The 

sum curve u(ↄt) must have a local minimum, which needs to be found in order to 

determine the optimum period of preventive maintenance. Specific fuel consumption is 

a comprehensive diagnostic signal indicating instantaneous extent of wear of machine. 

(Legat et al. 1996) 
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=
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where:  NO ï Costs of renewal (CZK); NP(ᵉt) ï Costs of operation (CZK); ὸӶ ï mean time 

of operation (w); όὸ ï mean unit costs of renewal and operation (CZK w-1). 

 

Authorôs proposed method for optimizing maintenance intervals of machinery uses 

information about fuel consumption that is assessed for each day of machineôs operation 

in unit l,100 km-1 or l hrs-1. 

For the calculation of the local minimum of a function of mean unit costs, its first 

derivative set equal to 0, thus: 
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The right side of equation (4) equals to the intermediate mean unit costs u(ↄtO) at 

optimum of operating time for renewal. The left side of the equation (4) equals to the 

intermediate immediate operation unit costs vP(ↄtO) at optimum of operating time for 

renewal. The equation describes that the optimal moment of renewal, i.e. a local 

minimum of the criterial function when immediate operation unit costs equal to the mean 

unit costs of operation and renewal. 

Consequently, in order to find the minimum of sum function u(ↄt) it is necessary to 

know two basic values ï renewal costs NO (the costs of performed maintenance) and 

mean unit costs of operation uP(ↄt), which are based on the tracking of specific fuel 

consumption (therefore, it is necessary to determine the equation of growth trend of 

specific fuel consumption). 

 

RESULTS AND DISCUSSION 
 

Proposed algorithm for determining the optimum of maintenance interval is using 

MS Excel spreadsheet. Imported data on specific fuel consumption of the machine are 

listed in the table by date and time of their recording and from these data it is necessary 

to select only the data which characterize the utilization of machinery. The algorithms 

for data filtering are different according to different groups of machines and their 

utilization. For example, when filtering data on fuel consumption of truck the algorithm 

filters out data on fuel consumption at idle mode of engine ï the engine consumes fuel, 

but the distance travelled is zero ï the value of specific fuel consumption (litres 100 km-1) 

is reaching the infinity. Specific fuel consumption of construction equipment is 

evaluated in litres per operating hours ï changing position of the machine cannot be used 

for filtering data, on the contrary for some machines (e.g. excavators) change of position 

has to be excluded from data processing because machinery does not perform intended 

work. A properly designed algorithm for filtering data affects the entire primary data 

processing and results of optimal maintenance interval of a particular machine. 

After selection, the mean specific fuel consumption is calculated for each day and 

linear trend is constructed. 

Specific fuel consumption is a comprehensive diagnostic signal and depends on 

many operational factors and therefore there is large variance in monitored specific fuel 

consumptions. 
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The unit costs of operation uP(ↄt) are determined by a linear trend, which is set by 

slope of specific fuel consumption trend and the average price of diesel fuel 

(1.2 EUR l-1 ï November 2014) during vehicle operation. Slope of specific fuel 

consumption trend is calculated from the cumulative fuel consumption (polynomial 

function of second degree, Fig. 1) divided by operational time. 
 

 
 

Figure 1. Cumulative fuel consumption with polynomial function of second degree. 

 

The function of the mean unit costs is determined by the sum of two functions ï 

unit operational costs function and unit costs of replacement function. The optimal 

maintenance interval is determined by a local minimum of the mean unit costs function. 

In this case, the function uP(ↄt) is linear, the local minimum of the function u(ↄt) located at 

the same spot as intersection of both forming curves uO(ↄt) and uP(ↄt). The specific 

examples of the graphic solution are shown in Fig. 2. 
 

 
 

Figure 2. Determination of maintenance intervals of TATRA 815 ï graphic interpretation. 
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Proposed method is applied for truck TATRA 815 operated in construction site. 

The costs of renewal (maintenance) for this truck are estimated at 2,110.14 EUR. In this 

particular case, the amount of 2,110.14 EUR represents costs of diagnostic maintenance 

of motor vehicle TATRA 815. Maintenance is performed within one working day and 

during this day the maintenance costs are calculated as follows: 

1) The driver generates a financial loss during the day when the maintenance is 

carried out because transport of vehicle to the service shop and back does not generates 

any profit, but the driver has to be paid anyway. The financial loss can be calculated as 

follows: 1,000 EUR month-1 (driverôs salary) Ĭ 1.35 (deductions from wages) / 

20 (working days) = 67.50 EUR. 

2) The financial loss due to downtime of the vehicle is calculated: 1.25 EUR km-1 

(the price of material transported by vehicle) Ĭ 220 km day-1 (the average distance 

travelled per day) = 275 EUR. 

3) The financial loss occurred due to fuel consumed on a journey into and back: 

42 l 100 km-1 (average specific consumption of the vehicle) Ĭ 35 km (average distance 

to the maintenance service and back) Ĭ 1.2 EUR l-1 = 17.64 EUR. 

4) Costs of diagnostic maintenance = 750 EUR 

5) The price of labour after diagnostic maintenance and the average price of spare 

parts (e.g., fuel, air and oil filter, injector, pump alignment, oil change, etc.) 

= 1,000 EUR. 

This practical example shows that the optimal preventive maintenance interval is 

1,939 hrs for vehicle TATRA 815 (Fig. 1). After rounding to the nearest hundred hours 

the maintenance interval is set to 2,000 hrs. 

For the calculated procedure, it is clear that the maintenance interval is variable and 

can be influenced by: 

- Maintenance costs, 

- Function of mean unit operational costs (influenced by fuel costs). 

 

Specific fuel consumption is influenced by the conditions of operation of the 

machine and therefore determined maintenance interval has to be continually updated. 

Data analysis of plenty same types of vehicles will help determine the intervals for 

maintenance for a particular type of machine and use it for simple long-term maintenance 

planning of mobile machines in the enterprise (see examples below in Table 1). 

 
Table 1. Determination of the mean maintenance interval for TATRA 815 and Renault Kerax 

Vehicle  

 

Operational 

time (hrs) 

 

Polynomial  

function 

 

Trend of slope of 

specific fuel 

consumption 

Determined 

maintenance 

interval tO  

01 TATRA 815 1,692 0.00046x2 + 10.9x 0.0005612894 1,939 hrs 

02 TATRA 815 1,856 0.00042x2 + 9.6x 0.0005108268 2,032 hrs 

03 TATRA 815 1,848 0.00051x2 + 9.8x 0.0006150768 1,852 hrs 

01 Renault Kerax 1,765 0.00026x2 + 9.1x 0.000322144 2,559 hrs 

02 Renault Kerax 1,986 0.00031x2 + 8,8x 0.000375100 2,372 hrs 

03 Renault Kerax 1,848 0.00028x2 + 8,9x 0.0003414192 2,486 hrs 
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Table 1 provides data on vehicle type, monitored time of operation (hrs), 

polynomial function, slope of linear trend of specific fuel consumption and data of 

specified maintenance intervals ↄtO (hrs). Slope of linear trend of specific fuel 

consumption is different for each particular vehicle. Such a fact is due to different 

operational conditions of certain vehicles and also due to different style of driving of 

drivers. For example, slope of trend for vehicles Renault Kerax range from 0.000322144 

to 0.0003751. Determined optimal intervals were calculated with NO = 2,110.14 EUR 

and average fuel costs 1.2 EUR per litre. Mean maintenance interval for vehicles Renault 

Kerax was 2,500 hrs and for TATRA 815 was 2,000 hrs. 

The same algorithm can be used for any type of machinery (transportation, 

construction, mining, railroad, agricultural, etc.), but with the difference of operational 

time unit (kilometres, tones, hectares, volumes, etc.). 

 

CONCLUSIONS 

 

The paper presents proposed methodology for optimization of planned preventive 

maintenance, which is based on the use of data from satellite monitoring - data 

collection, their final selection and algorithmic processing and therefore finding optimal 

preventive maintenance interval for a particular machine or group of machines. 

Algorithm of determination of optimal preventive maintenance interval is based on 

renewal theory and its modification for solving particular problem. Principle of this 

algorithm is based on minimization of operational and renewal costs. 

The proposed methodology for determining the optimal maintenance interval is 

particularly suitable for companies that already use satellite monitoring, but mostly in its 

elementary form for the current position of the vehicle, construction equipment 

downtime monitoring, etc. It is obvious that the observed specific fuel consumption 

relatively largely varies, which is influenced by variability of operating conditions, load 

weight, driver's driving style, nature of extracted material within construction 

machinery, etc. This variance is eliminated by large quantities of raw data and therefore 

processing of raw data allows for a precise determination of the optimal preventive 

maintenance interval for a specific machine, its current operational conditions and the 

changes of their technical state during deterioration. 

Algorithm of data processing from satellite monitoring provides timely reports on 

individual machine maintenance requirements and enables continuous refinement of 

maintenance intervals during operational time. Suspiciously different maintenance 

interval of particular machine (calculated optimal maintenance interval deviates from 

the average) might be followed by detailed diagnostics in order to determine the causes 

of short maintenance interval. Proposed algorithm may contribute to better maintenance 

planning and consequently to economical operation of machinery. 
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Abstract. This contribution aims at determining the power loss in hydraulic circuits of the John 

Deere S680i combine harvester travel gear. The individual elements of the circuit were measured, 

followed by an energy intensity analysis. The analysis includes the calculation of pressure losses 

in direct piping, local resistance, as well as pressure losses in the individual elements of the 

circuit. Subsequently, power loss was calculated based on pressure losses. In the case of the John 

Deere S680i combine harvester, the power loss equals 16.95 kW. 

 

Key words: combine harvester, hydrostatic travel, pressure loss, power loss. 

 

INTRODUCTION  

 

Combine harvesters are machines in which we require, in terms of the content of 

their work, sensitive control and continuous travelling speed variation. Consequently, 

hydrostatic transmission is the most frequently used in combine harvester travel gear 

(Kutzbach, 2000). 

Hydrostatic transmission is a transmission mechanism with a pump and hydraulic 

motor as its basic elements. The principle of mechanical energy transfer through the 

hydrostatic transmission rests in the transformation of mechanical energy into pressure 

energy of the fluid in the pump and, vice versa, pressure energy of the fluid into 

mechanical energy in the hydraulic motor (Kuļ²k & Str§ģovec, 2000). The transmission 

consists of a closed hydraulic circuit and an auxiliary open hydraulic circuit (Lou Xi-

Yin, 2014). The auxiliary hydraulic circuit fulfils the following tasks: 

¶ it cleans the fluid; 

¶ it refills the fluid in a closed circuit; 

¶ it maintains the required pressure of the fluid in a low-pressure branch of the closed 

circuit; 

¶ it cools the fluid down; 

¶ it is a source of required energy when controlling regulation piston converters (Roh, 

1992). 

 

The diagram of hydraulic circuits of the hydrostatic transmission of the John Deere 

S680i combine harvester is shown in Fig. 1. 

The auxiliary circuit includes a gear pump (P16), which draws in the fluid from the 

tank (R1). The fluid runs both into the servo-valves (Y119 and Y126) and the servo-

cylinders (C40 and C41), when adjusting the position of the swing plate of the pump and 
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of the hydraulic motor, and into the closed circuit through non-return valves (V160) or 

(V161), depending on which branch of the closed circuit currently has low fluid pressure. 

The auxiliary circuit is protected against overload by a pressure valve (V198). 
 

 
 

Figure 1. Diagram of hydraulic circuits of the hydrostatic transmission of the JD S680i combine 

harvester. 

 

The valve block of the hydraulic motor is equipped with a hydraulically controlled 

distributor (V199), which connects the low-pressure branch of the closed circuit with the 

discharge pipe. The fluid, however, must pass through the bypass valve (V200) 

maintaining the required charging pressure in the closed circuit. The fluid passes from 

the filling pump (P16) through the axial piston pump (P17) and axial piston hydraulic 

motor (M21) and it exists the hydraulic converters through the hydraulic elements (V199 

and V200). The cooler (H1), through which the fluid flows back to the tank, is placed 

separately. If the fluid is cool, it runs through the bypass valve (V164) which puts up 

lesser resistance than the cooler. The discharge fluid is joined by waste, so-called 

leakage, fluid, leaking around the moving parts of the pump and the hydraulic motor. 

The pressure-relief filling valve of the circuit (V198) is usually adjusted to a pressure of 

4.2 MPa, the bypass valve (V200) is usually adjusted to a pressure of 2.8 MPa and the 

high-pressure valves (V160 and V161) are usually adjusted to a pressure of 49 MPa. 

The presented complex hydraulic circuits clearly indicate the occurrence of 

pressure losses and, consequently, power loss. We classify pressure losses occurring in 

hydraulic circuits into three types: 
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¶ losses in direct piping; 

¶ losses in local resistances; 

¶ losses in the individual elements of the circuit (Roh, 1989). 

 

Calculations performed in this article provide a better understanding of hydraulic 

losses of combine harvester travel gear. At the same time, these values will be used in 

future for comparison with the real measured values. And for comparison of the energy 

intensity of travel gear of combine harvesters with wheeled and tracked chassis. 

 

MATERIALS AND METHODS  

 

Measurements were carried out on the John Deere S680i combine harvester owned 

by the Agricultural Business Co-operative Z§lab² with its registered office in Ovļ§ry. 

Materials for measurement were prepared based on the obtained diagram of 

hydraulic circuits of the combine harvester hydrostatic transmission. We measured all 

the necessary external dimensions of the hydraulic circuit (piping length, diameter), 

ascertained the number of elbow pipes, tees, etc. The internal dimensions of these 

elements have been ascertained from the catalogues of manufacturers based on the 

external dimensions measured. The parameters of the pumps and hydraulic motor, such 

as geometric volume, working pressures, speeds and efficiencies, have been ascertained 

from the machineôs technical manual. The pump capacities have subsequently been 

calculated based on these parameters. For subsequent calculations in the high-pressure 

circuit, we assume a maximum flow rate at which the combine harvester reaches the 

maximum travelling speed. The technical manual also provided the set pressures of 

pressure-relief valves, pressure losses of some elements (cooler, filter). It was also 

necessary to ascertain the specifications of the working fluid (kinematic viscosity, 

density) which were obtained from the materials of the fluid manufacturer. 

Each element is registered under a ócodeô determining its parameters. In the direct 

piping, the hoses are designated as H and steel pipes are designated as R. A number of 

items can also be indicated before the letter. The letter is followed by a number indicating 

the internal diameter of the element in millimetres; the number after the slash indicates 

the length of the element in millimetres. For example, 3xR30/200 means that the circuit 

contains 3 steel pipes with an internal diameter of 30 mm and a length of 200 mm. In 

local resistances, the number of items is designated similarly, before the name of the 

element. The name of the element is followed by a number indicating the internal 

diameter of the element in millimetres and the figure after the slash represents the 

bending of the element in degrees. For example, elbow pipe 25/100Á means an elbow 

pipe element with an internal diameter of 25 mm and a bending of 100Á. 

To calculate the power loss PZ, we use the equation (1), where we multiply each 

element of the pressure loss at the given point of the circuit by the flow rate at the given 

point of the circuit. 
 

QpP ZZ Ö=  (1) 

 

where:  PZ ï power loss (W); Q ï working fluid flow rate (m3 s-1); pZ ï pressure loss (Pa). 
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The flow rate at the given point of the circuit was calculated using the parameters 

of the pump indicated by the manufacturer using the equation (2). 
 

000,1

Qg nV
Q

hÖÖ
=  (2) 

 

where:  Q ï working fluid flow rate (m3 s-1); Vg ï geometric volume of the pump(m3);  

n ï pump speed (s-1); ɖQ ï flow efficiency of the pump (-). 

 

Losses in the direct piping, i.e. losses in hydraulic hoses and steel pipes, represent 

the first component of the pressure loss. They are calculated from the equation (3) and 

related formulas. 
 

rl ÖÖÖ=
2
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d
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 (3) 

 

where:  pZ ï pressure loss (Pa); ɚ ï coefficient of linear losses (-); l ï hydraulic piping 

length (m); d ï hydraulic piping internal diameter (m); v ï fluid flow velocity through 

piping (m s-1); ɟ ï working fluid density (kg m-3). 

 

First, it is necessary to calculate the flow velocity of the fluid through piping (4) 

using the formula for calculation of the cross-section of hydraulic piping (5). 
 

S

Q
v=  (4) 

 

where:  Q ï working fluid flow rate (m3 s-1); S ï hydraulic piping cross-section (m2);  

v ï fluid flow velocity through piping (m s-1). 
 

4

2d
S

Ö
=
p

 (5) 

 

where:  S ï hydraulic piping cross-section (m2); d ï hydraulic piping internal 

diameter (m). 
 

For the coefficient of linear losses (7, 8, 9, 10), it is necessary to first calculate the 

so-called Reynolds number and classify it into the correct group for the given flow 

situation. 
 

u

dvÖ
=Re  (6) 

 

where: Re ï Reynolds number (-); v ï fluid flow velocity through piping (m s-1);  

ɡ ï kinematic viscosity (m2 s-1). 
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Re < 2,300 - laminar flow range 

2,300 < Re < 5,000 - transition range 

5,000 < Re - turbulent flow range 

For laminar flow in hoses: 
 

Re

80
=l  (7) 

 

For laminar flow in pipes: 
 

Re

64
=l  (8) 

 

For transition flow range: 
 

4 Re

316.0
=l  (9) 

 

For turbulent flow range: 
 

2

Re

200
ö
÷

õ
æ
ç

å
=l  (10) 

 

Losses in local resistances, the so-called local losses, represent the second 

component of pressure losses. The calculation (11) is similar to that in the case of 

pressure losses in direct piping; only the coefficient of linear losses ɚ and the ratio of 

direct piping length l to its internal diameter d is replaced by the coefficient of local 

resistance ɝ which is determined empirically for each element of the circuit. 
 

rx ÖÖ=
2

2v
pZ

 (11) 

 

where:  pZ ï pressure loss (Pa); ɝ ï coefficient of local resistance (-); v ï fluid flow 

velocity through piping (m s-1); ɟ ï working fluid density (kg m-3). 
 

The third component is represented by pressure losses in the individual elements 

(12). They are determined based on efficiencies of the elements stipulated by the 

manufacturer where the calculation requires primarily the pressure efficiency ɖp. For 

other elements, we directly indicate the pressure loss stipulated by the manufacturers of 

the particular hydraulic elements. 
 

pp pZ Ö-= )1( h  (12) 
 

where:  pZ ï pressure loss (Pa); ɖp ï pressure efficiency (-); p ï pressure in piping (Pa). 
 

To obtain the resulting value of power loss, we add up the power losses of the 

individual components.
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RESULTS AND DISCUSSION 

 

After the substitution in the previous formulas, using MS Excel software, we calculated 

the values for pressure losses and power losses in the elements of the direct piping 

circuits, local resistances and the individual elements of the circuit (tables 1, 2, 3). 

 
Table 1. Pressure loss and power losses in direct piping 

Element Code pZ (kPa) PZ (W) 

H30/4250 1.78 8.13 

H30/3855 1.61 7.38 

H25/5555 13.89 12.22 

H25/3500 8.75 7.70 

H25/1700 4.25 3.74 

H25/550 1.38 1.21 

H25/450 1.13 0.99 

3xR30/200 0.08 1.15 

2xR30/100 0.04 0.38 

R30/400 0.17 0.77 

R30/660 0.28 1.26 

2xR25/300 0.75 1.32 

R25/900 2.25 1.98 

R25/500 1.25 1.10 

R25/200 0.50 0.44 

R25/100 0.25 0.22 

Total 39.31 50.00 

 

Table 2. Pressure loss and power losses in local resistances 

Element Code pZ (kPa) PZ (W) 

3x elbow pipe 30/90Á 26.51 364.21 

elbow pipe 30/135Á 30.04 137.59 

6x elbow pipe 25/90Á 2.03 10.71 

elbow pipe 25/100Á 2.30 2.02 

elbow pipe 25/135Á 2.10 1.85 

4x tee-piece 25 2.03 7.14 

inlet into tank 25 1.35 1.19 

outlet from tank 25 1.35 1.19 

Total 136.96 525.91 

 

Table 3. Pressure loss and power losses in individual elements 

 

 

 

 

 

 

 

Element Code pZ (kPa) PZ (W) 

gear pump 76.09 66.96 

axial pump 1,616.49 7,403.55 

axial hydraulic motor 1,616.49 7,403.55 

cooler 800.00 704.00 

filter 900.00 792.00 

Total 5009.08 16370.05 
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The resulting tables indicate that the lowest losses occur in the direct piping. By 

contrast, the highest losses are in the individual elements of the circuits which is 96.6% 

of the total losses in the circuits of the travel gear hydrostatic transmission. 

We can find out the total power losses by adding up the power losses of all 

components of the circuits specified in Tables 1, 2, 3. This indicates the power that is 

taken from the combustion engine of the combine harvester to overcome the losses in 

the circuits of the travel gear hydrostatic transmission at its maximum travelling speed. 

 

PZ = 50.00 + 525.91 + 16370.05 = 16945.96 W = 16.95 kW 
 

Taking into account the fact that the combustion engine of the combine harvester 

has a rated power (according to ECE R120) P = 353 kW, the percentage representation 

of hydrostatic transmission according to the formula (13) equals 4.8%. This is reflected 

in the energy performance and the fuel consumption (Jokiniemi et al., 2012). 
 

%8.4048.0
353

95.16
Ý==

P

PZ
 (13) 

 

From the results it is clear that the proposal to improve the direct piping and the 

local resistances of the hydraulic system is unnecessary. The losses are negligible. The 

biggest losses occur in the individual elements which have given construction, thus given 

losses. 

 

CONCLUSIONS 
 

After measuring all elements in the circuits and their calculation, we have 

determined the pressure losses and power losses in the direct piping, in local resistances 

and in the individual elements of the circuit. Losses in the individual elements of the 

circuits, i.e. 16.37 kW (96.6%), constitute the greatest fraction of the total losses. The 

total losses in the circuits of the travel gear hydrostatic transmission of the combine 

harvester equal 16.95 kW. This value applies to the maximum flow rate in the high-

pressure circuit at the maximum travelling speed of the combine harvester. With 

declining travelling speed and, consequently, also the flow rate in the high-pressure 

circuit, the losses in this circuit would also decline. 

Calculations presented in this article will be used for comparison with the real 

values which will be measured in the future. 
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Abstract. Following the results of the research into the physical process of the vibratory 

interaction between the digging tool and the beet root, it has been found that the latter, while 

standing in soil, i.e. amid an elastic medium, has strong attachment to the soil in its lower (the 

densest and driest) part, which virtually implies one conventional fixed point. This finding 

provides the basis for examination of the three-dimensional motion of the beet rootôs body during 

its lifting from the ground in case of its asymmetric interaction with one of the shares of the 

vibrating digging tool. We have studied the gyration of the beet rootôs body about a point initiated 

by its interaction with the inclined face of the vibrating digging tool share that makes oscillatory 

movements in the longitudinal vertical plane. The aim of the study is to establish the values of 

the angular displacements of the rootôs body at the moment of its getting in asymmetric contact 

with the vibrating digging tool followed by the breaking of its bonds with the surrounding elastic 

medium, i.e. to develop a new mathematical model of the vibration-assisted digging of a beet root 

out of the soil. Basing on the use of the original equations of Euler, a new differential equation 

system has been obtained, which facilitates the analytical treatment of the mentioned work 

process. That system of differential equations for the three-dimensional oscillations of the root 

caused by the action of a perturbing force comprises three dynamic and three kinematic equations. 

It is a determined system, which makes possible its solution, i.e. the numerical modelling of the 

process of root lifting from the ground under different digging conditions, because it includes all 

necessary parameters of the vibrating digging tool, the sugar beet root and the soil  

surrounding it. 

 

Key words: sugar beet root, vibrating digging tool, three-dimensional motion, lifting, modelling. 

 

INTRODUCTION  

 

The theoretical and field research into the work processes and the use of its results 

for the development of improved tools for digging sugar beet roots out of the ground are 

critically important tasks for the sugar beet growing industry, because just this final 

operation is the most complex and energy-intensive work process in the cultivation of 

sugar beet (Bulgakov & Ivanovs, 2010; Lammers, 2011; Lammers & Schmittmann, 

mailto:jyri.olt@emu.ee
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2013; Gu et al., 2014). The extensive use of vibrating digging tools for the digging out 

of beet roots observed recently is stipulated by the lowest energy input for the break-up 

of the soil surrounding roots, the reduced loss and damage of roots in the harvesting 

process in this case. However, the described advantages are achieved under relatively 

favourable harvesting conditions, especially when the soil has low hardness indices and 

a sufficient moisture content. Under all other conditions vibrating digging tools do not 

display the said advantages. 

Hence, that is exactly the work process that needs in-depth theoretical and field 

research followed by the development and implementation of improved vibrating 

digging tools. 

Study (Dubrovski, 1968) should be regarded as the first analytical treatment of the 

vibration-assisted process of sugar beet root digging out of the soil. Still, the paper did 

not offer a mathematical model of the vibration-assisted lifting of the root from the 

ground. The oscillatory process of the interaction between the vibrating digging tool and 

the rootôs body was assumed to take place in the transverse vertical plane, which would 

not be implemented later in any digging tool employed in any commercially produced 

root crop harvester. 

The further analytical study of the oscillations of the rootôs body fixed in soil was 

presented in publication (Vasilenko et al., 1970). As the paper itself states, the process 

of lifting sugar beet roots from the ground per se is analysed here with the use of the 

generated kinetostatic equations, which, in the authorsô opinion, allow to find the 

conditions for the complete lifting of a sugar beet root from the soil. However, the 

detailed analysis of the mentioned equations has proved that they effectively do not 

characterise the work process of digging roots from soil. 

Publication Pogorely et al. (2004) features the setting up of the Ostrogradsky-

Hamilton functional that characterises the natural transverse oscillations of a sugar beet 

rootôs body modelled as a fixed low end bar. Meanwhile, it considers the case when the 

perturbing force is applied to the root crop in the transverse horizontal plane, which has 

also never been implemented in any real vibrating digging tool. 

Paper (Pogorely et al., 1983), which is an essentially first published study on sugar 

beet harvesting machinery, adopts the main provisions and assumptions stated in the 

previous studies (Vasilenko et al., 1970). It should be pointed out that this work also 

does not furnish a model of the vibration-assisted lifting of a sugar beet root from the 

soil. 

The further elaborations on the theory of the vibration-assisted sugar beet root 

digging out of the soil with application of the perturbing forces exactly in the 

longitudinal vertical plane were highlighted in studies (Bulgakov, 2005; Sarec et al., 

2009; Bulgakov et al., 2014). Nevertheless, to advance further on it is necessary to 

consider separately and in more depth the dynamic system óbeet root ï vibrating digging 

toolô, in order to analyse both the process of oscillations of the beet root itself in the soil 

and the very process of lifting of the root as a solid body from the soil, the latter taking 

place under the effect of the vibrating digging tool that oscillates in the longitudinal 

vertical plane and also due to its translational motion. 

The analysis of many literary sources (Vermeulen & Koolen, 2002; Lammers, 

2011; Wang & Zhang, 2013; Wu et al., 2013; Gu et al., 2014) makes it evident that the 

research into new sugar beet harvesting technologies attracts substantial attention 

worldwide. 
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MATERIALS AND METHODS  

 

In order to explore the process of sugar beet root digging, letôs start with one of the 

first stages in this work process, when the beet root is still sufficiently strongly attached 

to the soil. The vibrating digging tool, advancing linearly at a preset running depth in the 

soil and at the same time oscillating in the longitudinal vertical plane, approaches the 

beet root from one side and breaks the surrounding soil. The bonds between the beet root 

and the soil in the immediate zone of movement of the work faces of the vibrating 

digging tool (on that side, from which the tool linearly advances and on which it starts 

making contact with the root), can be considered almost broken, while the soil 

surrounding the root in its upper part (within the tool running depth in the soil) is already 

sufficiently loosened (longitudinal fissures are possible in the soil layers across the 

whole thickness of the upper part). Meanwhile, the actual lifting of the beet root from 

the ground has not yet begun, even if the vibrating digging tool work faces have already 

started making contact with the rootôs body. It is quite apparent that at this stage of the 

work process of root digging out of the soil the root has already started carrying out its 

motions in the ground as a solid body with one fixed attachment point or a solid body 

pivoting about a fixed axis. It is to be stressed in the first instance that the soil 

surrounding the beet root provides resistance to the latterôs lifting positively all over the 

whole conic surface, because the root gets sufficiently strongly embedded in the soil in 

the process of its growth. 

Thus, during the straining of top soil by the work faces of the vibrating digging tool 

that move at a certain running depth and the subsequent breaking of bonds between the 

beet root and the soil at the upper part, the lower part of the root continues to reside in 

the unstrained and very dense layer of soil. The said circumstances substantiate the 

assumption that this is exactly the part of the soil, where the point on the rootôs symmetry 

axis, which can be conventionally considered the fixing point of the root in the soil, is 

located. But, this stage of digging the root out of soil continues only for a short while 

and is succeeded by the second stage, where the vibrating digging tool actually starts 

imparting its forces to the root body. Therefore, the motions of the beet root at the second 

stage can be characterised with the use of kinematic and dynamic Euler equations 

considering it as a symmetrical solid body with one fixed attachment point or a solid 

body pivoting about a fixed axis in the longitudinal vertical plane. At the same time, the 

beet root begins oscillating in the soil as an elastic medium, because just at this stage of 

the lifting the soil surrounding the root (especially on the side opposed to the toolôs travel 

direction) can be with good reasons considered an elastic medium. 

To facilitate the analytical treatment of the process of digging the beet root out of 

the soil by the vibrating digging tool, we build first the equivalent schematic model, 

where the beet root is approximated by a regular cone, point O being its only 

(conventional) point of fixation in the ground. The vibrating digging tool comprises two 

digging shares, which can be represented by two conventional wedges A1B1C1 and 

A2B2C2, their wedged forward parts and lower parts moving in soil (Fig. 1). Each of the 

said wedges has angles of tilting in space designated Ŭ, ɓ and ɔ, which are determined so 

that the share faces form an angled working passage, which necks in rearwards. 

Structurally, the vibrating digging tool is a usual share lifter, but kinematically it is 

connected to a drive (not shown in the schematic model), which induces its oscillations 
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in the longitudinal vertical plane at preset frequency and amplitude. The digging tool as 

a whole advances linearly at a preset velocity V , down the direction shown by an arrow. 

 

 
 

Figure 1. Equivalent schematic model of the force interaction between the vibrating digging tool 

and the beet root during the latterôs gyration about the conventional point of fixation in the 

ground. 

 

Further, we have to show in the equivalent schematic model the adopted coordinate 

systems. First, we relate to the vibrating digging tool the orthogonal Cartesian coordinate 

system O1x1y1z1 with the centre O1 in the middle of its necked-in passage. In this system, 

the axis O1x1 is in line with the direction of the toolôs translational motion, the axis O1z1 

is vertically pointing up, and the axis O1y1 is pointing to the right (Fig. 1). The vibrating 

digging toolôs oscillatory movements in the longitudinal vertical plane should be 

examined in reference to just that coordinate system O1x1y1z1. 
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We also introduce the moving coordinate system Oxyz rigidly connected with the 

beet root and having an origin at the point O, which is the point of fixation of the beet 

root in the ground, its axis Oz being aligned with the rootôs symmetry axis and pointing 

upwards, the axes Ox and Oy placed in the plane that is perpendicular to the axis Oz. 

Besides, to characterise the gyration of the root about the fixation point O it is 

necessary to introduce one more orthogonal Cartesian coordinate system O2x2y2z2, 

which is shown in Fig. 1. 

Since the vibrating digging tool at the moment of its getting in contact with the beet 

root advances linearly along the axis O1x1 (O1x2), the root deflects from its vertical 

position (effectively from the axis Oz2) through some angle y unidirectionally with the 

motion of the tool. In the most general case, the initial contact between the beet root and 

the tool is asymmetric meaning that one of the digging shares gets into direct contact 

with the root body, while the other one makes contact through some thickness of the 

broken soil. This results, following the deformation of the said thickness of soil, in the 

beet rootôs deflection from its vertical position transversely through some angle q. 
Moreover, the difference of the torques produced by the direct contact of the root with 

one of the shares and its contact with the other share through the thickness of soil can 

result in the rotation of the root through some angle j about the axis Oz. Overall, 

summing up the above-mentioned physical conditions, we have good reasons to believe 

that the beet root in its interaction with the vibrating digging tool immediately during its 

lifting performs simultaneously the rotation about some line OH (nodal line) through the 

angle q, the rotation about the axis Oz2 through the angle y and the rotation about the 

axis Oz through the angle j. Hence, the introduced angular displacements in space of 

the root during its lifting from the ground are Euler angles, the angle q having a name of 

nutation angle, the angle y ï precession angle, the angle j ï intrinsic rotation angle. 

We also have to take into account that, since the root body has a conical shape, the 

direct contact between the digging shares and the root body is lost in case of the vibrating 

digging tool going down. As a result, the perturbing force stops acting on the beet root, 

therefore, the root under the effect of the elasticity of the soil surrounding it on the front 

and the root bodyôs own elastic properties tends to return to the vertical equilibrium 

position. With the following upward motion the digging shares resume their contact with 

the root body, take hold of the root, impart to it first of all the perturbing force and the 

mentioned process of rootôs rotations recurs. 

Thus, the beet root performs oscillations about the line of nodes OH, about the axis 

Oz2 and about the axis Oz. Actually, the rootôs oscillations at the first stage of its lifting 

from the ground comprise the longitudinal linear oscillations of the point of the rootôs 

fixation in the ground O and the angular oscillations of the root relative to the point O 

characterised by the variation of the Euler angles q, y and j. 

 
THEORY AND MODELLING  

 

We have assumed that the beet root is in direct contact with only one of the work 

faces of vibrating digging tool, specifically A1B1C1 at the point K1, while the face A2B2C2 

acts on the root body surface via some thickness of the soil and this contact can occur at 

the point K2 (Fig. 1). Certainly, the contact between the vibrating digging tool and the 

root body at the point K2 is made throughout some area surrounding the point K2, but in 
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our further considerations we are going to assume that the point K2 is the point of 

application of the forces imparted to the beet root. 

Besides, the asymmetry of the contact with the beet root is also due to the fact that 

its symmetry axis (axis Oz) can be offset aside relative to the centre line of the sowing 

rows (due to the requirements of the agricultural sowing and plant handling 

technologies). We assume that prior to the commencement of the direct contact between 

the beet root and the digging tool, the axis Oz is parallel to the axis O1z1. 

Also, we have to designate some representative points in the equivalent schematic 

model. Thus, the right lines drawn via the points B1 and B2 perpendicular to the wedge 

sides A1C1 and A2C2, respectively, generate at their intersections with the said wedge 

sides the respective points M1 and M2. Hence, d is the dihedral angle (ÏB1M1D1) 

between the first wedgeôs lower base A1D1C1 and the work face A1B1C1 and also the 

dihedral angle (ÏB2M2D2) between the second wedgeôs lower base A2D2C2 and the work 

face wedge A2D2C2. Angle 2gk is the apical angle of the cone used as a model of the beet 

root. The meaning of other dimensions can be understood from the equivalent schematic 

model (Fig. 1). 

Now, letôs consider the forces originating from the interaction between the 

vibrating digging tool and the beet root. 

Since the digging tool, as it has been stated, is a vibrational tool, it imparts the 

vertical perturbing force 
.ʟʙQ , which varies under the following harmonic law: 

 

. sinʟʙQ H tw= , (1) 

 

where:  H ï amplitude of the perturbing force; w ï frequency of the perturbing force. 

 

That force plays the primary role in the process of soil breaking in the zone of the 

digging toolôs work passage and the direct lifting of the beet root out of the ground. The 

perturbing force 
.ʟʙQ  is applied to the beet root or the soil surrounding it on two sides, 

therefore, it is represented in the equivalent schematic model by two components 
1.ʟʙQ  

and 2.ʟʙQ , which apparently have the following values: 

 

.1 .2

1
sin

2
ʟʙ ʟʙQ Q ʅ tw= =  (2) 

 

Further considerations require careful analysis of the relation between the 

oscillations of the vibrating digging tool and the concurrent action of the perturbing force 

.ʟʙQ on the root. It is sufficient to carry out the analysis only for one oscillation period, 

from wt = 0 to wt = 2p. In all other oscillation periods the process is repeated. As we 

already mentioned above, the perturbing force 
.ʟʙQ  acts on the beet root only when the 

digging shares of the tool move up from their lowermost position to their uppermost 

position, making in this process contact with the conical root body. 

For this reason, during the movement of the digging shares of the tool up on the 

interval (0, p), the perturbing force 
.ʟʙQ  acts on the beet root following the sinusoidal law 
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(1). In this process, on the interval 0,
2

pè ø
é ù
ê ú

 it increases from the zero value 0=.ʟʙQ  at 

the point 0=tw  to the maximum value HQ .ʟʙ=  at the point 
2

p
w =t . 

On the interval ,
2

p
p

è ø
é ù
ê ú

 it decreases from its maximum value HQ .ʟʙ=  to the 

minimum one 0=.ʟʙQ . On the interval (p, 2p) the digging shares of the tool move 

down, therefore, the perturbing force .ʟʙQ  does not act on the root on this leg. On the 

interval (2p, 4p) everything recurs. Thus, in general on the intervals (2kp, (2k + 1)p), k 

= 0, 1, 2, é , the perturbing force .ʟʙQ  acts on the beet root following the sinusoidal 

law (1), and on the intervals ((2k - 1)p, 2kp), k = 0, 1, 2, é , it has no effect on the beet 

root, since it is equal to zero. 

As the cutting edges A1C1 and A2C2 of the digging shares are located below the 

contact points K1 and K2, the soil in the area of the contact between the beet root and the 

vibrating digging tool is already sufficiently much broken, but the soil breaking occurs 

primarily in the front part of the toolôs passage, while the direct contact between the beet 

root and the tool ï in the middle and rear parts of the work passage. Therefore, in case 

of asymmetric contact with the beet root at the point K1 the root is under the direct effect 

of the perturbing force 
1.ʟʙQ , while at the contact point K2 the perturbing force 

2.ʟʙQ  acts 

only on the thickness of broken soil, which makes us assume that this latter force is 

virtually not imparted directly to the root body. Hence, at the first contact between the 

root body and the vibrating digging tool, the effect of perturbing force 2.ʟʙQ  on the beet 

root can be ignored and it can be assumed that the root is under the effect of only the 

perturbing force 
1.ʟʙQ  acting from the side of the face A1B1C1, i.e. only one digging 

share. 

In addition, it is to be pointed out that the interesting aspect of the asymmetric 

contact with the beet root is that it makes possible the rotation of the root about its axis, 

promoting the intensive break-up of the bonds between the root and the soil 

(phenomenon of the rootôs spinning in the ground during its digging out). So, in case of 

asymmetric contact between the beet root and the vibrating digging tool we are going to 

take into the differential equations for the rootôs motion only the force action of the work 

face A1B1C1 of one digging share. For this purpose we decompose the force 
1.ʟʙQ  into 

two components: 1N , normal to the face A1B1C1, and 1T , tangential to the same face, 

as shown in the equivalent schematic model in Fig. 1. This force is equal to: 
 

.1 1 1ʟʙQ N T= +  (3) 

 

Apparently, the 1T  force vector is parallel to the right line B1M1. 
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As the vibrating digging tool advances linearly along the axis O1x1 relative to the 

beet root fixed in the ground, we have a driving force 1P  that acts along the course of 

the translational movement (along the axis O1x1) and also acts on the root along that axis 

at the moment, when contact is made between the beet root and digging tool. Now, letôs 

decompose the force 1P  also into two components: 1L , normal to the wedge face 

A1B1C1 and 1S , tangential to the same face, i.e.: 

 

111 SLP += . (4) 

 

Thus, at the contact point 
1K  the beet root is under the effect of the force applied 

by the wedge A1B1C1, which is equal to: 
 

1 1 1N N LK = + , (5) 

 

and points along the normal to the surface of the wedge A1B1C1. 

 

Apparently, the magnitude of this force is: 
 

111
LNN +=K  (6) 

 

Also, at the contact point K1 the force of friction 
1KF is applied, which counteracts 

the slipping of the beet root on the work face of the wedge A1B1C1 during its contact 

with the vibrating digging tool. The vector of this force is in opposition to the vector of 

the relative velocity of the wedgeôs slipping on the surface of the beet root. The root 

weight force kG  is applied vertically at the centre of mass of the beet root. Also, during 

the contact between the beet root and the vibrating digging tool, when the latterôs shares 

move upwards, the root is under the effect of the soilôs elastic deformation force acting 

along axis Oz, designated as 
zR  in the equivalent schematic model. 

The tangential component 1T  of the perturbing force 1.ʟʙQ  and the tangential 

component 1S  of the driving force 1P  do not act directly on the beet root, they only 

cause the breaking of the soil around the beet root, therefore, they are not included in the 

differential equations of the movement of the root as a solid body. Then, it is possible to 

derive from the equivalent schematic model (Fig. 1) the expressions for determining the 

normal 1N  and tangential 1T  components of the perturbing force 1.ʟʙQ , as well as the 

expressions for determining the normal 1L  and tangential 1S  components of the driving 

force 1P . 
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Meanwhile, the forces, generated by the straining of the soil as an elastic medium 

during the displacement of the beet root in it, need to be determined. 

The moment of the elastic soil deformation force due to the angular displacement 

of the beet root through the angle j is equal to: 
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where  ʩ1 ï elastic stiffness of the soil that determines the increase of the force acting on 

the contact surface in case of displacement of the contact surface for a contact area 

unit (N m-2). 

 

Similarly, it is possible to determine that the elastic forces in the soil resulting from 

the angular displacements of the beet root fixed in it about the axis 
2zO  through the 

angle y ï y.ʧʨQ  and about the line of nodes HO  through the angle q ï q.ʧʨQ  are 

equal to, respectively: 
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where  ʩ ï elastic stiffness of the soil (ratio of the first coefficient of Winkler to the 

contact area) (N m-3). 

 

Apparently, the vectors y.ʧʨQ  and q.ʧʨQ  point along the normal to the surface of 

the beet root. The forces determined by the expressions (7, 8, 9) act as the restoring 

forces in the oscillatory process under consideration. 

The force 
zR  is the resultant of the load distributed over the beet rootôs surface 

with an unbroken thickness of soil and the intensity vectors of this load point downwards 

parallel to the axis Oz. Therefore, the force 
zR  acts along the axis Oz and points 

downwards. 

The magnitude of the force 
zR  is determined with the use of the following formula: 
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Further, we proceed to the generation of differential equations for the gyration 

about a point of the beet root as a solid body during its asymmetric contact with the 

vibrating digging tool. In this case, according to what was said earlier, the beet root 

moves as a solid body with one fixed point, the position of which is determined by the 

variation of the above-mentioned Euler angles yj,  and q under the effect of the 

described forces and moments of forces acting on the root and characterised with the use 

of dynamic and kinematic equations of Euler. 

In this case, if the moving coordinate system Oxyz is chosen in such a way that the 

coordinate axes are the principal axes of inertia for the point O, then the dynamic 

equations of Euler will take the following form (Dreizler & L¿dde, 2010): 
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(11) 

 

where: yx ww ,  and 
zw  ï projections of the rootôs angular velocity during its angular 

displacement about the instantaneous axis of rotation on the axes of the moving 

coordinate system Oxyz; 
yx II ,  and 

zI  ï the moments of inertia of the beet root in 

reference to the coordinate axes Ox, Oy and Oz (principal axes of inertia of the root), 

respectively; e

y

e

x
MM ,  and e

zM  ï principal moments of all external forces acting on 

the beet root in reference to the coordinate axes Ox, Oy and Oz, respectively. 

 

As shown in the equivalent schematic model (Fig. 1), the axes of the moving 

coordinate system Oxyz are the principal axes of inertia of the beet root. Indeed, the axis 

Oz is the rootôs material symmetry axis. The axes Ox and Oy lie in the plane that is 

perpendicular to the axis Oz. According to (11), if a body has a material symmetry axis, 

it is a principal axis of inertia at all its points. The other two principal axes passing 

through any point of the symmetry axis (including the point ʆ) lie in the planes that are 

perpendicular to that axis. 

Further, to express the angular velocity projections wx, wy and wz in terms of the 

Euler angles and their derivatives, we have to add to the dynamic equations of Euler the 

kinematic Euler equations (11), which are of the following form: 
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RESULTS AND DISCUSSION 
 

It is possible to derive from the equivalent schematic model (Fig. 1) the moments 

of the external forces acting on the beet root during its contact with the vibrating digging 

tool about the axes Ox, Oy and Oz. After the substitution of the necessary axial moments 

of inertia and the derived magnitudes of the principal moments of all external forces into 

the system of differential equations, we obtain the following system of differential 

equations for the three-dimensional oscillations of the beet root fixed in the ground in 

the form of dynamic and kinematic equations of Euler: 
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We have obtained the system of differential equations (13) for the three-

dimensional oscillations of the beet root caused by the perturbing force, which is a 

determined system that allows to carry out the multivariate modelling of the beet root 

digging process, because it contains the parameters of the vibrating digging tool, sugar 

beet root and the soil surrounding the root. 

The solution of the differential equation system allows to determine first of all the 

law of the three-dimensional oscillations of the beet root about the conventional point of 

fixation in the ground, i.e. find the functions ű = ű(t), ɣ = ɣ(t) and ɗ = ɗ(t). According 

to the results of calculations, if we assume the following averaged initial data: mass of 

root mk = 0.9 kg; mass of soil surrounding root mʛʨ. = 0.4 kg; length of root hk = 0.25 m; 

angles of trihedral wedges of vibrating digging tool ɔ = 14Á, ɓ = 52Á; friction coefficient 

of steel on root body surface f = 0.45; amplitude of perturbing force ʅ = 500 N; 

magnitude of lateral driving force ʈ1 = 400 N; maximum angle of deviation of friction 

force vector from the vector of this force at minimum magnitude 
max1ʂ

a  = 30Á; 

frequency of oscillations of digging shares of vibrating digging tool ɜ = 10 Hz; cone 

angle of the root ɔk = 15Á; elastic stiffness of soil ʩ = 3Ā105 N m-3, ʩ1 = 2Ā105 N m-2; 

current time t = 0.025 s, then the Euler angles obtain the following values: ű = 10ʦ, 

ɣ = 9ʦ, ɗ = 7Á. 

It is to be noted as well that the system of differential equations (13) characterises 

not only the three-dimensional oscillatory process, but also the angular displacement of 

the beet root about its own axis (spinning phenomenon), which has an especially notable 

effect on the process of breaking up the bonds between the root and the soil during the 

first stage of its lifting from the ground.  

The results of the accomplished analytical treatment have been used in the design 

and engineering of new vibrating digging tools for state-of-the-art sugar beet harvesting 

machines. 

 

CONCLUSIONS 

 

1. The physical process of a sugar beet root standing in soil as an elastic medium 

and its interaction with a vibrating digging tool at the first stage of its lifting from the 

ground has been investigated. 

2. It has been established that, for the purposes of analytical treatment of the 

process of sugar beet root lifting from the ground, the root can be represented by an 

elastic conical body residing in elastic medium and having one fixed point at its bottom. 

All necessary conditions for the use of kinematic and dynamic equations of Euler in the 

research into the root lifting have been obtained. 

3. The new mathematical model of the vibration-assisted beet root lifting from the 

ground with the use of the theory of the body motion about a fixed point has been 

developed. 

4. Using the original kinematic and dynamic equations of Euler, the system of 

differential equations has been set up for the oscillations of the beet root during its 

vibration-assisted lifting in the case, when the root interacts only with one digging share 

at one its point, i.e. when an asymmetric contact with the root body occurs. 

5. Following the solution of the system of Euler differential equations, particular 

values have been obtained for the angular displacements of the beet root about the 
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coordinate axes, at which its efficient lifting from the ground is achieved. Specifically, 

for the average values of the parameters of the vibrating digging tool, root body and the 

soil surrounding it included in the equations, the Euler angles have the following numeric 

values: ű = 10Á, ɣ = 9Á, ɗ = 7Á. 

6. The obtained mathematical model allows to carry out the multivariate modelling 

of the process of vibration-assisted root digging out of the soil under various conditions 

of harvesting. 
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Abstract. Conventional impact grass cutting and chopping is energy intensive and therefore it is 

important to reduce energy demands of such a device. In the paper the energy demands of three-

rotor mulcher with vertical axis of rotation was measured and analyzed in dependence on the 

mass performance of the mulcher. Different mass performance was achieved by different ground 

speed and yield of the grass cover. The measurement was performed on clover-grass meadow 

hay, from which the samples were taken and analyzed in order to determine the yield and moisture 

content of the vegetation. The results showed relatively high energy demands of the mulcher. In 

dependence on the mass performance of the mulcher it is necessary to deliver in average 10.4ï

22.6 kW m-1 of the width of the machine. Specific energy consumption varied in average from 

3.35 to 6.34 kWh t-1 of the processed material and unit fuel consumption varied in average from 

2.56 to 0.94 kg t-1. 

 

Key words: mulcher, energy consumption, grass cutting, meadow hay. 

 

INTRODUCTION  

 

The power requirement of the rotary mower and the mulching machine is usually 2 

to 4 times greater than in case of the finger mower with the same width range. Concrete 

values of the required power per one meter width cut differ in various scientific sources, 

e.g. the power requirement 5 kW m-1 and the required power requirement for the mower 

with the conditioner 8 kW m-1 (ASABE D497.7., 2011), the power requirement 11 to 

16 kW m-1 on the mower at speed 15 km h-1 (Srivastava et al., 2006), the power 

requirement 10 to 12 kW m-1 with a worn out blade (Tuck et al., 1991), the power 

requirement for mower conditioners 3.5 to 6.5 Kw m-1 and the power requirement for 

mowing without the conditioner is 5 kW m-1 (McRandal & McNulty, 1978b). Other 

scientific sources state that the average required power for mowing and treatment of 

grass is 8 kW m-1, with the range 5.6ï10.4 kW m-1 (Srivastava et al., 2006) and when the 

patency is 120 t h-1, the energy intensity of the rotary mower is approximately 

6.67 kW m-1 and when sharp knives are used, the energy intensity is 5.67 kW m-1 (SyrovĨ 

et al., 2008). 

mailto:cedikj@tf.czu.cz
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The typical cutting speed of the disc and rotary mowers ranges from 71ï84 m s-1 

(O'Dogherty, 1982). Optimization of the cutting speed, the knife shape, the blade oblique 

angle and the blade rake angle can significantly reduce the energy consumption and 

increase the efficiency of mowing and crushing (Hosseini & Shamsi, 2012; Johnson et 

al., 2012; Kakahy et al., 2014). The power requirement depends not only on the cutting 

speed, knives, blades wear, the type of the mower and patency, but also on the kind of 

processed crop (Chen et al., 2004; Igathinathanea et al., 2010; Ghahraei et al., 2011; 

Johnson et al., 2012; Jasinskas et al., 2013; Kronbergs et al., 2013; Pecenka et al. 2014). 

The power requirement also depends on the moisture and stems inclination 

(Igathinathanea et al., 2010; Kakahy et al., 2013). 

The identified energy losses in case of rotary mowers are caused by air flow (so 

called ventilation effect), pulling of the mower, friction in the drive mechanism and 

friction with the stubble under the knives (McRandal & McNulty, 1978b). The 

experiments with the mowers with the vertical rotation axis proved that 50% of the input 

energy is used for the transport of the plants, while only 3% of the input energy is used 

for cutting the plant stems (McRandal & McNulty, 1978a). The power requirement of 

the rotary mowers can be calculated according to the relation number 1 (Persson, 1987). 
 

( ) ffSCLSmow BvEPP ÖÖ+=  (1) 

 

where:  Pmow ï total power requirement (kW); PLS ï losses (air, stubble, gear loses) 

(kW m-1); ESC ï power of cut (kJ m-2); vf ï ground speed (m s-1); BP ï range width (m). 
 

The goal was to determine the energy demands of the mulching machine with 

different patency of the material. Other goal was to evaluate impact of the material 

patency on the unit fuel consumption. It can be expected that the unit fuel consumption 

reach values between 7.5ï9.5 l ha-1 (SyrovĨ et al., 2013). 

 

MATERIALS AND METHODS  

 

The main goal of the measurement was to determine the input power taken from 

the PTO shaft of the tractor during mulching the clover-grass cover. The measurement 

was done on selected land, south of the town Ģamberk (latitude 50.0565725ÁN, longitude 

16.4375197ÁE). The working set consisted of the tractor John Deere 7930 and the 

mulching machine MULCHER MZ6000 (Table 1). The tested mulching machine with 

the range width 6 m is part of the current production programme of the company 

BEDNAR FMT, s.r.o. 

 
Table 1. Basic parameters of the mulcher MZ6000 

Total weight kg 3,300 

Rotor diameter m 2 

Number of rotors pcs 3 

Number of blades per rotor pcs 4 

Rotations per minute min-1 1,000 

Recomended tractor power kW 110ï150 
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The torque sensor MANNER Mfi 2500 Nm_2000U/min (accuracy 0.25%) was 

installed on the PTO shaft of the tractor and the flowmeter AIC VERITAS 

4004 (measurement error 1%, 2,000 pulse l-1) was placed into the fuel system of the 

tractor. The flowmeter served for monitoring of the fuel consumption and determination 

of the energy intensity of the mulching machine. In order to determine the location of 

the working set and its speed, the GPS receiver was placed on the roof of the tractor. All 

sensors were connected with the measuring computer (netbook) by means of the analog 

digital converter LabJack U6. The netbook was placed to the tractor cab. Data were 

recorded with the frequency of 2 Hz. 

Seven measuring sections were marked out on the chosen land, each approx.  

100ï180 m long (1ï7). These sections were used to perform the measuring rides, using 

the working speed of 3 km h-1, 6 km h-1 and 9 km h-1 to cover the range of working 

ground speed used in praxis. The mass performance of the mulching machine was 

calculated according to the relation (2). 
 

wÖÖÖ= BvW pt 1.0
 (2) 

 

where:  Wt ï mass performance of the mulching machine (t h-1); vp ï working speed 

(km h-1); B ï actual range width of the mulching machine (m); w ï yield per hectare of 

grassland (t ha-1). 

 

The actual range width of the mulching machine was 5.79 m, the average speed of 

PTO was 998.1 min-1 with standard deviation 11 1 min-1. This corresponds with the 

cutting speed approx. 105 m s-1. 

Altogether three samples of mown vegetation were taken from each test section in 

order to determine the yield of the grass mater and its moisture. The average moisture 

was 72.8% with standard deviation 4.5%. 

The measured data from the individual measuring sections (01 to 07) were loaded 

into the programme MS Excel and further processed. 

 

RESULTS AND DISCUSSION 
 

The evaluated results of the measurement within the individual sections are 

presented in the Table 2 and 3. From the Table 2 it can be seen that values of mean power 

reaches up to approx. 130 kW. Also it can be seen that at speed of approx. 3 km h-1 the 

unit fuel consumption in l ha-1 is up to 71% higher than it was expected. At speed of 

approx. 6 km h-1 the unit fuel consumption in l ha-1 is approx. 9% higher than it was 

expected and at speed of approx. 9 km h-1 the unit fuel consumption equals to the 

expectations. 

Fig. 1 shows the performance requirement for one meter of the machine range. It is 

obvious that this requirement increases with the increasing mass performance of the 

machine, as it might be expected, when the performance of the mulching machine is 

greater than 30 t h-1 it is taken up to 22.6 kW m-1. 
  



49 

Table 2. Measurement results summary ï part 1 

Section 
Speed Yield Performance Mean torque Mean power 

kmh-1 t ha-1 t h-1 Nm kW 

1 3.4 11.2 22.06 890.3 92.55 

2 9.34 6.2 33.52 1,272.05 130.96 

3 6.66 9.2 35.46 1,194.79 125.9 

4 6.47 6.7 25.12 870.35 89.9 

5 6.42 7 26.37 841.7 89.32 

6 9.28 5.5 29.56 948.78 98.89 

7 3.49 4.7 9.58 576.68 60.8 

 

Table 3.Measurement results summary ï part 2 

Section 

Power  

requirement 

Specific energy 

consumption 
Unit fuel consumption 

kW m-1 kWh t-1 l ha-1 kg ha-1 kg t-1 

1 15.99 4.2 16.27 13.5 1.21 

2 22.62 3.91 7.94 6.59 1.06 

3 21.74 3.55 10.37 8.61 0.94 

4 15.53 3.58 10.05 8.34 1.24 

5 15.43 3.39 10.33 8.58 1.23 

6 17.08 3.35 8.47 7.03 1.28 

7 10.39 6.34 14.48 12.02 2.56 

 

 

 
 

Figure 1. Mulcher power requirement. 
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Fig. 2 presents the specific energy consumption depending on the performance of 

the mulching machine. It is obvious that the specific energy consumption decreases 

along with the increasing mass performance of the mulching machine up to 

approximately 30 t h-1 where the lowest value of the specific energy consumption was 

reached. 

 

 
 

Figure 2. Specific energy consumption of the mulcher. 

 

Fig. 3 shows the unit fuel consumption ï kilograms per ton of processed material. 

As it might be expected the unit fuel consumption decreases along with the increasing 

mass performance of the mulching machine. However, contrary to the specific energy 

consumption of the mulching machine (Fig. 2), many other factors interferes in the fuel 

consumption, e.g. terrain inclination, tractor acceleration etc. 

 

 
 

Figure 3. Unit fuel consumption. 
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CONCLUSIONS 
 

Impact cutting and crushing of the crop material by the rotary mowers requires very 

high energy consumption. This was confirmed by the measurement, during which the 

mulching machine needed in average up to 22.6 kW m-1 while the patency was 33.5 t h-1, 

which is much more in comparison with other published scientific work which states 

from 11 to 16 kW m-1 (Srivastava et al., 2006). This could be caused mainly by the 

ventilation effect, which is required for mulching, and by high cutting speed (105 m s-1). 

At the speed of 3ï6 km h-1 the unit fuel consumption in l h-1 was also higher than it was 

expected from the other studies (SyrovĨ et al., 2013). From the point of view of the 

lowest reached specific energy consumption, the optimal performance of the mulching 

machine is approximately 30 t h-1 and is approximately equal to 3.4 kWh t-1. From the 

point of view of usage of the fuel energy, the highest reached performance 35.5 t h-1 

appears to be optimal, because the unit fuel consumption was 0.94 kg t-1. It is possible 

to reach the required performance by the appropriate working speed of the mulching 

machine based on the expected yield of the grass matter. 
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Abstract. This article deals with comparison of two types of tyres (MITAS VF and MITAS 

AC 85) for self-propelled sprayers in terms of their grip properties and effect on soil. The MITAS 

VF tyre has a new construction allowing it to work with lower inflation pressure and in higher 

speed than standard tyre. In order to compare the grip properties there was measured dependence 

of slippage on tractive force. In order to compare the effect on soil there will be measured 

footprint area of tyre, specific pressure on base (material), compaction of topsoil by means of 

wire profilograph and penetration resistance of soil by means of penetrometer. The measurement 

has been taken place on medium-heavy soil, on stubble after wheat cultivation. The MITAS AC 

tyres showed lesser tread pattern than the MITAS VF tyres. The VF tyres showed also better grip 

properties and lesser effect on the topsoil. The soil cone index showed statistically not significant 

difference in comparison with non-compacted soil and it was approximately the same in case of 

both variants. 

 

Key words: tyres, sprayer, tractive force, slippage, soil compaction. 

 

INTRODUCTION  

 

In agricultural practice there are increasingly implemented tyres with higher 

requirements for operation. To the important properties belong higher load at lower 

inflation pressure and higher maximum permitted speed. In case of standard tyres 

(MITAS AC 85) there are required inflation pressure of 400 kPa and max. operating 

speed of 20 km h-1 for a given load on sprayer, new so-called VF (Very High Flexion) 

tyres requires the inflation pressure of 320 kPa and max. speed is increased up to 65 km h-

1 while carrying the same load. The advantages of use of these tyres are clear. By means 

of comparative tests we wanted to determine the effect of VF tyres on energy intensity 

and on soil in comparison with standard tyres. 

The grip properties of tyres, especially dependence of tractive force or contact ratio 

coefficient on slippage of wheels, have an influence on traction efficiency and fuel 

consumption. The higher wheel slippage, the higher fuel consumption. The grip 

properties depend on load and soil conditions, it means moisture, type of soil or hardness 

of base material (Abrah§m et al., 2014; Ahokas & Jokiniemi, 2014). Furthermore, the 

grip properties depend, of course, on parameters of tyres (Schreiber and Kutzbach, 

2008), and especially on inflation pressure (Nor®us & Trigell, 2008). 

The soil compaction represents a negative consequence of interaction between a 

tyre and base material (soil). It reduces water infiltration, retention capacity of soil, 

accelerates erosion and increases soil cone index. It consists above all in changes in 
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volume weight of soil, porosity and air and water capacity (HŢla et al., 2011; Chyba et 

al., 2013; SyrovĨ et al., 2013; GğŃb, 2014; Chyba et al., 2014;). High degree of 

compaction has an adverse effect on crop yields depending on kind of crop (Braunack et 

al., 2006; Kuth et al., 2012; Arvidsson & H¬kansson, 2014). For the determination of 

soil compaction it can be used its dry bulk density. It should move approximately in the 

range of 1.2ï1.5 g cm-3 (SyrovĨ et al., 2013). The density can be also determined by 

means of measured vertical soil stress (Eguchi & Muro, 2009). The soil compaction 

depends on many factors. To the main factors belong contact pressure between tyre and 

base material. This pressure increases with decreasing size of contact area between tyre 

and soil, with increasing pressure in a tyre with increasing stiffness of a tyre and higher 

normal static and dynamic load. The soil compaction increases also with decreasing 

travel speed and with higher number of passages. Furthermore, soil compaction depends 

on type of soil, moisture and density (D®fossez et al., 2003; Lamand® & Schjßnning, 

2011a,b,c; Nugis & Kuth, 2012; Rodr²guez et al., 2012; GğŃb, 2014; Keller et al., 2014; 

Kviz et al., 2014; Taghavifar & Mardani, 2014; Varga et al., 2014). In order to determine 

contact area of tyre with soil it is possible to use, apart from measurement, also 

mathematical models based on commonly detectable parameters such as diameter and 

width of tyre, inflation pressure and various empirically determined coefficients (Prikner 

& Aleġ, 2010; Palancar et al., 2001; McKyes, 1985). Max. pressure acting on soil can be 

more than twice greater, than specific pressure calculated from footprint area and a load 

of a tyre (Lamand® & Schjßnning, 2011a,b,c). Lozano et al. (2013) says, that during the 

harvest of sugar cane with dry bulk density below 1.4 g cm-3 and moisture over 16% 

there is a high risk of soil compaction. Braunack (2004) states, that better results can be 

achieved at use of one wide tyre (445/65R22.5) than when using double axle and narrow 

tyres (11R22.5). 

The objective of measurement was to compare 2 MITAS tyres (MITAS VF and 

MITAS AC 85) for self-propelled sprayers in terms of grip properties and effect on soil. 

The VF tyre has new construction, which allow it to work in higher speeds with lower 

inflation pressure while carrying the same load, as mentioned above. For this purpose it 

was carried out measurement of dependance of tractor tractive force on slippage of 

wheels, measurement of topsoil compaction by means of profilograph and measurement 

of soil cone index by means of penetrometer. 

 

MATERIALS AND METHODS  

 

Self-propelled sprayer Challenger RoGator (see Fig. 1) has the working width 

30.2 m, two controlable axles, performance 167 kW and weight 17,420 kg. For the 

sprayer there were used tyres MITAS AC 85 with dimension 380/90 R 46, 159 A8, E8 

and inflation pressure 400 kPa and tyres MITAS VF with dimension 380/90 R 46, 173 D, 

E8 with inflation pressure 320 kPa. 

In order to determinate tyre loading the sprayer was weighed at first by means of 

portable weighing machine Haenni (precision Ñ20 kg). During the measurement the 

sprayer was filled by water. Then the tyre footprint area was measured and specific 

pressures on base calculated. This measurement was carried out on right rear wheel due 

to impossibility to lift the front axle at full sprayer. 

Measurement of tyre grip properties was carried out at first without load of tractive 

force and then with unbraked tractor FENDT 415 VARIO with curb weight 5,740 kg. 



55 

Tractor wasnËt braked, because the sprayer isnËt destined for loading by tractive force 

and sole manner of load by longitudinal forces is the uphill driving. Another reason is 

hydrostatic drive of sprayer, which donËt permit high slippage of the wheels. For 

measurement of wheel revolutions there were used sensing elements SICK DKS 40 

(360 pulses/revolution) and for measurement of revolutions of fifth wheel the speed 

indicator ZME ORS 120 (120 pulses/revolution). For measurement of tractive force 

there was used tensometer sensing element HBM U10M (rated load 125 kN). For the 

measurements there were determined 4 routes with length roughly 170 m. During the 

measurement there was recorded average speed about 13.5 km h-1. In order to obtain the 

points for tensile characteristics there were used the average values from sections with 

stable parameters. 
 

 
 

Figure 1. Self-propelled sprayer Challenger RoGator with tractor FENDT 415 VARIO during 

measurement. 
 

For the measurement of effect on upper layer of soil there was used wire 

profilograph with wire pitch 25 mm. For every tyre there was determined unevenness of 

soil surface by means of profilograph in the direction perpendicular to the direction of 

driving. After cover of testing distance by right front and rear tyre of sprayer the 

measurements of unevenness of soil surface have been repeated in beforehand 

determined transversal directions. In this way there was measured the permanent 

deformation of upper layer of soil after driving by a given tyre. In order to measure of 

effect on soil there was used digital penetrometer. Measurement by means of 

penetrometer was carried out always both in track and out of track (as reference). For 

each measurement 6 repetitions were carried out. Results of measurement by means of 

penetrometer were evaluated using the analysis of variance (ANOVA). The 

penetrometer meets the standard of ASAE S313.3. The penetrometer has a cone angle 

of 30Á, area of 130 mm2, cone base diameter of 12.83 mm, driving shaft diameter of 

9.53 mm. The penetrating speed was according to the standard approx. 30 mm s-1. 

During the measurements the data has been recorded on computer hard disc HP 

mini 5103 by means of analog digital converter LabJack U6 and I/O module for impulse 

sensor Papouch Quido 10/1 with frequency approximately 1 Hz. These data was 

processed by means of the MS Excel programme. 
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Measurements were carried out on field of AGROSS Kl²ļany company, near to 

Prague, on stubble after wheat with some places with emerged cereal shedding (latitude 

50.1985325ÁN, longitude 14.4342406ÁE). For measurement conditions there was 

determined soil moisture depending on depth. At depth 0ï50 mm the moisture was 

22.27%, at the depth 50ï100 mm the moisture was 18.31%, at the depth 100ï150 mm 

the moisture was 18.79% and at the depth 150ï200 mm it was 18.08%. Samples for 

determination of the soil moisture were taken at the time when measurement was carried 

out, and they were taken at eight places along the test route in approximate distance of 

20 m between each other. 

Furthermore, there were determined soil texture, soil type and average dry bulk 

density according to standard ĻSN 46 5302 (Characterization of soils cultivated by 

implements). In soil there was prevailed the content of dust particles (average 0.002ï

0.05 mm) in range of 53.53 up to 73.39% over the share of sandy grains (average 0.05ï

2 mm) and clay. According to analysis of grains it is medium-heavy soil. It is fine loam 

with dusty texture. The average dry bulk density was determined to 1.57 g cm-3. 

 

RESULTS AND DISCUSSION 
 

In the Table 1 there are mentioned the loads falling on particular wheels. The 

sprayer was weighed in several combinations relating to setting of frame height and 

spraying arms for determination of maximum load. The maximum load was in transport 

position on left front wheel and makes 5,650 kg (55.4 kN) (Table 3). The MITAS AC 

85 tyres was inflated to the pressure recommended by producer 400 kPa and MITAS VF 

tyres to 320 kPa. The total weight of full sprayer made roughly 18.3 t. 

 
Table 1. Load on the individual wheels at transport position 

 Load (kg) 

 Left Right 

Front 5,650 4,510 

Rear 3,920 4,210 

Side total 9,570 8,720 

Total 18,290 

 

In the Fig. 2 and in the Table 2 we can see dependence of slippage of the left front 

and rear wheel on tractive force. It can be seen, that the MITAS VF tyres had with zero 

tractive force in average by 30.5% lower slippage, than MITAS AC 85. At tractive force 

around 11ï13 kN (unbraked tractor) the MITAS VF tyres had in average by 35% lower 

slippage, than MITAS AC 85 tyres. This can be caused by lower inflation pressure which 

the VF tyres allow for the given load. Monteiro et al. (2013) also found that lower 

inflation pressure improves the fuel consumption and lowers the tyre slippage and 

thereby improves energetic efficiency of tractor tyres. Another reason may be the bigger 

fulness of tyre profile (Table 3, Fig. 3). From the Fig. 2 it is further obvious, that, the 

front wheel had always bigger slippage, than rear wheel. With regard to higher load of 

front wheel (see Table 1) this difference can be awaited. 
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Table 2. Measurement summary of results of dependence of slippage on tractive force 

Tyre 

Average  

speed  

(km h-1) 

Section  

length  

(m) 

Average  

tractive force 

(kN) 

Average tyre 

slippage of left 

rear wheel (%) 

Average tyre 

slippage of left 

front wheel (%) 

MITAS 

AC 85 

13.67 106.94 0 5.771 4.183 

11.77 96.07 12.63 7.456 5.711 

MITAS 

VF 

15.18 123.67 0 4.396 2.622 

13.52 110.73 10.85 5.156 3.475 

 

  
 

Figure 2. Dependence of tractive force on tyre slippage for both tested tyres. 
 

In the Table 3 there are mentioned footprint areas of right front wheel (load 

41.3 kN) and specific pressures acting on base material. Footprint area for MITAS AC 

85 tyre was approx. by 13.7% bigger, than for MITAS VF tyre. However, from the depth 

of footprint measured by profilograph in Fig. 4 it is obvious, that the tyre moved along 

the field only on tyre profile area, which was in case of MITAS VF tyre by 21.5% bigger, 

it means by 45% bigger fulness of tyre profile and also corresponding lower pressure in 

tyre profile area. In these soil and moisture conditions it is more sound for soil use of VF 

tyres in comparison with standard ones. 

 
Table 3. Footprint and mean pressure on the surface for both tested tyres 

Tyre 

Load on right 

rear wheel 

Tyre 

footprint 

Contact 

area of tyre 

profile  

Fulness of 

footprint of 

tyre profile 

Pressure in 

contact area 

of tyre 

Pressure in 

footprint area 

of tyre 

M Fr So Sd g ps po 

(kg) (kN) (cm2) (cm2) (%) (kPa) (kPa) 

MITAS 

AC 85 
4,210 41.29 1,787 474 26.52 871.01 231.04 

MITAS 

VF 
4,210 41.29 1,572 604 38.42 683.54 262.63 
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In the Fig. 4 there is shown permanent compaction of topsoil measured by means 

of profilograph for the MITAS AC 85 and MITAS VF tyres. It can be seen, that the 

MITAS AC 85 tyre has in average by 9 mm deeper track and also by 50 mm wider. The 

cause is above all smaller area of footprint of tyre profile, which is smaller than in case 

of VF tyre. The footprint of the VF tyres is longer, therefore effect on soil is smaller. At 

the use of MITAS AC 85 tyres, the bigger area of topsoil is influenced into deeper layer 

of soil (almost 60 mm). Hamza et al. (2011) found that the ratio between the weight of 

the external load and the contact area between the load and the surface affects primarily 

the top layers of the soil, which was confirmed by our results (Fig. 4). The comparison 

of tyre footprints on hard base material is shown in the Fig. 3. 

 

 
 

Figure 3. Tyre footprints ï left MITAS AC 85, right ï MITAS VF (load 4.29 kN). 

 

 
 

Figure 4. Profile of track in a perpendicular direction to the direction of travel for both tested 

tyres. 
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