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1.  Introduction

Significant production of cereals in the world (in 2019, 
2708.7 million tons [1] were produced) requires significant 
costs for their transportation and processing, which is 
associated with energy costs. At the same time, taking 
into account the peculiarities of a free-flowing unbound 
medium, which is the grain production of crop production, 
under the influence of vibration [2–4], makes it possible 
to reduce the energy intensity of these processes. In these 
and many other studies, it has been proved that the ac-
tion of vibration in this case leads to such phenomena 
as pseudo-boiling or fluidization of the medium, causing 
a significant decrease in the coefficient of internal friction. 
This change can be used, in particular, in the means for 

moving, processing grain and facilitating their unload-
ing from dump trucks by reducing the angle of lift of 
a flat bottom body required for unloading. The use of this 
phenomenon is advisable when creating specialized dump 
trucks, grain carriers, engaged in the mass transportation 
of grain crops. This usually requires the use of additional 
equipment to generate vibration. Let’s consider this issue 
on the example of vehicles in Ukraine.

According to the State Statistics Service of Ukraine [5], 
the grain harvest in 2019 (corn, wheat, barley, rye, millet, 
legumes, peas, etc.) amounted to almost 75/0 8 million tons 
against 70.1 million tons in 2018. In addition, sunflower 
harvested 14.5 million tons, soybeans – 3.7 million tons, 
rapeseed – more than 2.6 million tons. Of course, in this 
case, it becomes necessary to move these goods between  
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the subjects of activity (producers, processors, custo- 
dians, processors and consumers), which is practically im-
possible to carry out without the participation of road 
transport. In 2019, a total of 190,041.19 thousand tons of  
various goods were transported by road. Of this amount –  
24366.22 thousand tons or 12.82 % of agricultural pro-
ducts, hunting and forestry, fish and other fishery products. 
Of these 24366.22 thousand tons, the share of grain is 
19115.28 thousand tons or 78.45 %.

On vehicles in the most time-consuming and difficult 
work include loading and unloading operations, which are 
an integral part of the transport process. The average level 
of mechanization of loading and unloading operations in 
road transport is approximately 70 %. This is much lower 
than the level of mechanization of this kind of work on 
sea, rail and river modes of transport.

If to consider bulk cargo (grain crops, feed, mineral 
fertilizers, sand, soil, crushed stone, gravel, etc.), then in 
the total volume of cargo transported by vehicles, they 
are approximately 80 % [6, 7].

Ripe crops of crop production are incoherent and have 
the properties of a free-flowing substance. Known grains and 
seeds have a rounded shape and smooth surface (millet, peas, 
vetch, soybeans). If, in addition to this, the seeds are, in 
comparison with others, insignificant in size (clover, mustard, 
camelina), then the term fluidity is applied to their properties. 
The grains are oblong, less free-flowing. Self-flow of grain 
creates favorable conditions for a significant simplification 
of loading and unloading storage facilities and vehicles.

For transportation of grain products, in most cases, dump 
trucks are used. In dump trucks, gravity unloading is mainly 
used. In this case, the lift angle of the body must exceed the 
angle of repose (for the loads given in Table 1, this angle, 
depending on the crop, should be from 24 to 42 degrees).

Table 1

Angles of repose of some crops, degrees

Culture Angle of repose Mass 1 m3, kg Wellness, %

Wheat 23–38 (32) 730–840 35–45

Rye 23–38 (34) 680–750 35–45

Barley 27–48 (36) 580–700 45–5550–70

Oats 31–54 (42) 400–550 50–70

Millet 20–27 (24) 680–730 30–50

Peas 22–28 (26) 750–800 40–45

Corn 30–40 (37) 680–820 35–55

Sunflower 31–45 (41) 400–550 50–65

Soy 25–32 (29) 700–740 30–45

Linen 27–34 (32) 580–680 35–45

Note: the angle of repose is indicated in brackets, it is taken in 
calculations for planning post-harvest processing of grain and seeds

The numerical values of these angles are given for quasi-
static conditions, but, as is known, the internal cohesion of 
incoherent particles of bulk cargo and the angle of internal 
friction depend on the parameters of the frequency and 
vibration acceleration of the vibration fuel to the load. 
Due to this effect, it is possible to reduce the lift angle 
of the body and, accordingly, reduce the time and energy 
consumption when unloading it. The same method [8, 9] 
of combined gravitational-vibration unloading can be used 

when unloading vehicles with on-board universal platforms 
using dumpers.

The use of vibration technologies is due to the simpli-
city of the design of vibration devices, their compactness, 
high energy consumption and a wide range of regulation 
of operating parameters.

Acceleration of unloading of bodies with a decrease 
in energy consumption in modern vehicles is provided by 
the following methods: creation of oscillations of the body 
at the end of unloading, unloading using an additional 
shell in the body and vibration shock devices [8, 10, 11].

Therefore, based on the foregoing, it is possible to 
conclude that the use of vibration technologies to ac-
celerate the unloading of vehicles with bulk materials is 
an urgent task.

Thus, the object of research is the process of unloading 
bulk crop products from the bodies of dump trucks. And 
the aim of research is to conduct experimental studies of 
the properties of incoherent grain products of crop produc-
tion, affecting the indicators of the process of unloading 
vehicle bodies and assessing their impact on these indicators.

2.  Methods of research

During the research, the methods of natural experiment 
and methods of physical modeling were used.

To create a structure to facilitate unloading of dump 
truck bodies, it is advisable to conduct a number of analyti-
cal and experimental studies. The program of these studies 
should provide for the determination of the optimal body 
lift angles depending on the properties of the load under 
the influence of vibration. This will make it possible to 
estimate the energy consumption when unloading the body 
during the implementation of the proposed measures. Taking 
into account the high cost and the influence of extrane-
ous factors on the results of field experimental studies, 
it is advisable to use the method of physical modeling to 
achieve this goal, for which the experimental setup was 
improved and used [9, 12]. In Fig. 1 shows a schematic 
diagram and a general view of this unit.
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                a                                             b

Fig. 1. Unit for studying the properties of bulk crop products under  
the influence of vibrations: a – schematic diagram (1 – bearing base, 

2 – working surface (bottom of the body), 3 – elements connecting the 
working surface with the supporting base, 4 – accelerometer, 5 – device 

for creating vibrations; b – general view

An accelerometer and a device for creating vibrations 
with a switch for the rotation frequency of the electric 
motor armature are shown in Fig. 2.

Registration and accumulation of the results of ex-
perimental studies at different vibration frequencies of 
the bottom of the working surface were carried out us-
ing a computer with simultaneous video recording of the 
processes.
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                       a                                       b

Fig. 2. Additional body equipment:  
a – accelerometer; b – device for creating vibrations

The dependence of the geometric parameters of a loosely 
poured cone of bulk agricultural material (grain crops) 
under the influence of vibrations was investigated. Studies  
were carried out for crops such as millet, rye, wheat, barley, 
corn, sunflower seeds (Fig. 3).

Research was carried out in turn with all cultures. Grain 
of various crops in turn freely poured out through a hole 
with a diameter of 20 mm from a height of 20–30 mm 
from the surface of the already poured, forming a hill of 
regular shape in the form of a cone. The angle formed at 
the base of which the angle of repose is proportional to 
the internal friction coefficient. Dumping of agricultural 
bulk material took place in the absence of vibration. The 
results of determining the angles of repose for these types 
of grain are shown in Fig. 4.
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Fig. 3. Appearance of bulk agricultural material:  
a – corn; b – millet; c – wheat; d – rye; e – sunflower seeds; f – barley
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Fig. 4. The initial shape of a cone formed without vibrations:  
a – corn; b – millet; c – wheat; d – rye; e – sunflower seeds; f – barley

To obtain reliable results of determining the angles of 
repose, each experiment was carried out three times and, 
according to their results, the average values of the angles 
were determined, which are shown in the diagram in Fig. 5.
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Fig. 5. Average values of angles of repose j for cereals (seeds)

The maximum deviations in the results of each ex-
periment ranged from 2.7 % (wheat) to 4.3 % (sunflower 
seeds). The difference in the values of the deviations can 
be explained by the difference in the size, shape and rough-
ness of the grains.

3.  Results of experiments and discussion

To assess the influence of vibrations on the indica-
tors of internal friction of the grain mass, a number of 
experiments were carried out to determine the change 
in the angles of repose in the presence of oscillations of 
the support platform (Fig. 2, b). A typical oscillogram 
of changes in the vibration acceleration of the support 
platform and the results of the influence of vibrations for 
10 s on the shape of a millet cone (in comparison with 
what is shown in Fig. 3, b) are shown in Fig. 6.

Table 2 shows the results of the experimental determi-
nation of the change in the angle of internal friction in 
time (0 s, 1 s, 2 s, 3 s, 4 s, 5 s) from the beginning of 
the vibration action and from the vibration frequency n 
for the studied types of grain crops.

Analysis of the results of experimental studies given in 
Table 2 indicates that under the conditions of the experi-
ments and in a given range of vibration frequencies, the 
intensity of the decrease in the angle of internal friction 
of the considered grain crops decreases with the action of 
vibrations. At the same time, at the beginning of the process, 
the reduction proceeds more intensively than at the end, and 
practically loses its effectiveness for 4 s. The intensity of the 
decrease in the angle of internal friction of various types of 
cereals again depends on the size, complexity of the shape 
and roughness of the grains. In addition, for 4 s, under the 
influence of vibrations, the angle of internal friction decreases 
by an average of 4–6 times. This gives grounds to assert that 
due to the vibration influence on the cargo of this category, 
it is possible to significantly reduce the energy consump-
tion for its unloading by tilting the body to smaller angles.

To confirm the above, a number of experiments were car-
ried out with all the studied types of crops when unloading 
a dump truck body model without vibration action and with 
vibration action on the load. As an example, in Fig. 7 shows 
the lifting angles of the body at the beginning of unloading 
corn grain (Fig. 7, a) and at its completion (Fig. 7, b).
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Table 2

Angle of repose j value for cereals (seeds) under vibration

Internal friction angle j for millet 

Frequency 
n, Hz

Vibration action time, s

0 1 2 3 4 5

n1 = 14 Hz 20 14 7 5 5 5

n1 = 14.5 Hz 19 11 8 4 3 3

n1 = 16.5 Hz 19 13 9 5 5 5

Internal friction angle j for rye

n1 = 14 Hz 25 17 10 8 5 4

n1 = 14.5 Hz 26 16 10 9 7 5

n1 = 16.5 Hz 27 16 11 10 8 6

Internal friction angle j for wheat

n1 = 14 Hz 28 17 13 10 6 6

n1 = 14.5 Hz 27 16 10 8 6 5

n1 = 16.5 Hz 27 15 13 9 6 6

Internal friction angle j for barley

n1 = 14 Hz 31 19 13 10 7 6

n1 = 14.5 Hz 33 20 13 9 6 5

n1 = 16.5 Hz 33 18 12 9 6 6

Internal friction angle j for corn

n1 = 14 Hz 25 15 10 8 7 7

n1 = 14.5 Hz 28 16 10 8 7 5

n1 = 16.5 Hz 30 16 10 7 6 5

Internal friction angle j for sunflower seeds

n1 = 14 Hz 36 20 14 11 18 7

n1 = 14.5 Hz 32 16 10 8 6 6

n1 = 16.5 Hz 35 18 11 9 6 5

  
                      a                                       b

Fig. 7. Position of the body when unloading corn  
grain in the presence of vibration of the bottom of the body:  

a – beginning of unloading; b – end of unloading

Experimental studies were carried out with all bulk 
crop products accepted for consideration. The angle of 
inclination of the body at the beginning of the pouring 
of the substance was measured both in the absence of 
vibrations and in their presence, at three different vibra-
tion frequencies. The number of repetitions of one experi-
ment for one raw material at one speed is 3 (the average 
values of the measurement results are given in Table 3).

Given in Table 3 the results of experimental studies 
indicate that, under the influence of vibrations, the tilt 
angles of the body model are significantly reduced, at which 
both the beginning and the complete unloading of the 
cargo platform is carried out. Moreover, this dependence 
is inversely proportional to the vibration frequency. So, 
when unloading these grain crops, full unloading (with 
an immovable bottom) in the presence of vibrations is 
carried out at a body tilt angle less than 20.7–39.4 %. 

An example of the graphical dependence of the angle  
of inclination of the dump truck body model α on  
the vibration frequency when unloading millet is shown  
in Fig. 8.

 
 
 

 

 
 
 

 

a

b

Fig. 6. Typical test results: a – oscillogram of vibration acceleration changes in time; b – general view of the cone (millet) after exposure to vibrations
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The dependences of the tilt angles of the dump truck 
body model α on the vibration frequency during unloading 
of other considered crop products have a similar character.

It should be noted that to unload the dump truck 
body, the angle of its ascent should not be less than the 
angle of repose, otherwise the material will not be un-
loaded under the influence of gravitational forces. At the 
same time, it is known that the angle of repose for bulk 
materials changes in the direction of decrease under the 
influence of vibrations. The introduction of this method 
of facilitating the unloading of grain crops will reduce 
energy costs and improve the lateral stability of the dump 
truck by reducing the body lift angle and the height of 
the common center of mass of the load and the dump 
truck itself.

In this work, the frictional properties of cereals such 
as corn, millet, wheat, rye, sunflower grains (unpeeled) 
and barley are investigated. At the same time, no atten-
tion has been paid to such crop products as buckwheat, 
rice, rapeseed, peas and others. In addition, the issues of 
the influence of grain moisture on the indicators of its 
internal friction were considered. In addition, it should 
be noted the need to study the effect on the efficiency of 
unloading of the structure of the bottom of the dump truck 
body, the device for creating vibrations and its location. 
Of course, this can be taken into account in subsequent 
studies in this direction.

4.  Conclusions

Based on the analysis of the data [8, 
11, 12] and the obtained research results, 
as a conclusion, it can be argued that 
when using the gravitational method of 
unloading car bodies, the use of vibra-
tions of the bottom of the body leads to 
a decrease in the body lift angle required 
for unloading. This allows to reduce the 
time and energy costs for unloading bulk 
crop products.

At the same time, given the massive 
use of road transport in the transpor-
tation of this category of goods, this 
will lead to some growth in the pro-
duction and economic performance of 
road transport involved in this transpor- 
tation.

As a result of the experimental studies, it was found 
that the use of vibration makes it possible to reduce the 
lift angle of the body of a dump truck when unloading 
grain products:

– millet – by 39.4 %;
– rye – by 28.1 %;
– wheat – by 26.7 %;
– barley – by 20.7 %;
– corn – by 29.6 %;
– sunflower – by 30.3 %.
The results of these studies can be used in the trans-

portation of agricultural products to reduce the time and 
energy consumption when performing unloading operations.
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