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 Summary  The issues relating to the description of friction with regard to plant granular materials are fairly complicated 
due to a variety of factors determining the process. Considering each factor in isolation is insufficient and 
offers a limited insight into the phenomenon of friction. Therefore, the paper presents the research results 
concerning the influence of three independent factors (seed moisture content, sliding velocity, load) upon 
the value of friction force. The analysis showed the high statistical significance of the factors at play. The 
proposed mathematical model proved well fitted (considering granular materials) to the observed outcome of 
the measurements.

 Słowa kluczowe:  tarcie zewnętrzne, materiał ziarnisty, wilgotność, prędkość posuwu.

 Streszczenie  Zagadnienia związane z opisem tarcia roślinnych materiałów ziarnistych są bardzo skomplikowane ze względu 
na wieloczynnikowe uwarunkowania tego procesu. Pojedyncze rozpatrywanie tych czynników jest niewystar-
czające i daje bardzo uproszczony obraz zjawiska tarcia. Dlatego w artykule przedstawiono wyniki badań do-
tyczące wpływu trzech niezależnych czynników (wilgotność ziaren, prędkość posuwu, siła nacisku) na wartość 
siły tarcia. Przeprowadzona analiza wykazała wysoką istotność statystyczną tych czynników.  Zaproponowany 
model matematyczny uzyskał dobre (jak dla materiałów ziarnistych) dopasowanie do wyników pomiarów.
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INTRODUCTION

The prevalence of granular materials in many fields 
of the economy is undisputed. A separate and special 
group of these materials are granular plant materials. 
According to FAO’s report released in April, worldwide 
cereal production in 2017 is estimated at 2,597 billion 
metric tons. For this reason, an interest in research into 
the physical properties of granular plant materials is 
widespread. This results from the need to include these 
properties in the design of machines, equipment, and 
technological processes that these materials undergo 
[L. 1, 2].

Granular materials are characterized by non-
uniformity of structure and high susceptibility to changing 
environmental conditions – especially moisture, which 
mainly determines physical properties [L. 3-6]. These 
features make them one of the most difficult objects to 
describe.

Attempts to model phenomena occurring in granular 
heaps, considering variations in many factors that often 

influence each other, are made by many scientific centres. 
One of the most important phenomena that attract much 
attention is friction. It has always accompanied the basic 
processes that plant granular materials undergo. In many 
cases, these are the same machining processes that are 
applied to other types of materials, i.e. sorting, mixing, 
transporting, storing, and grinding.

The common denominator of these processes is, 
as it has been already mentioned, friction which occurs 
between the particles of a solid material (internal 
friction) and between the granular material and machine 
components.

The friction process of plant granular materials 
has been investigated by many authors. Molenda et al. 
[L. 7] examined, among others, the friction coefficient 
of wheat for grain-on-grain and on corrugated steel. For 
this purpose, they used a modified direct shear device. 
Kaliniewicz [L. 8] studied the friction coefficient of 
wheat, rye, barley, oats, and triticale against three different 
types of surfaces – steel, methyl polyacrylate, and rubber. 
The tests were carried out with the use of a device for 
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measuring the angle of external friction. The author also 
studied the correlations between individual physical 
properties and the values of the coefficient of friction. In 
the analysis of the phenomenon, he also took into account 
cereal seed orientation within the examined granular heap 
[L. 9].

From the quoted literature, one can see that the main 
determinants of the friction coefficient are the following: 
a cultivar, moisture, and sliding velocity. However, one 
can observe discrepancies in the values of the friction 
coefficient, even for the same material. This was noticed, 
among others, by Kaliniewicz [L. 8] who indicated 
various methods of measurements and non-uniformity 
of granular materials as the main reasons of these 
variances. Regardless of the discrepancies in the values 
of the coefficient of static or kinetic friction, obtained 
by different authors, the friction coefficient tends to 
increase with the growing moisture content of a granular 
material. When it comes to sliding velocity, variation is 
not so obvious, especially with respect to materials of 
biological origin. For example, Kabas [L. 10] showed that 
for low sliding velocity the friction coefficient decreases 
with increasing speed (similarly to dry engineering 

materials); yet, once a certain value is exceeded, friction 
force grows. Pasumarty’s paper [L. 11] seems to indicate 
a quite opposite tendency. Ślipek et al. [L. 12] showed 
an increase in the value of the friction coefficient with 
the growth of speed. A similar trend can be observed in 
Bucklin’s [L. 13] and Askari’s [L. 14] papers.

These studies indicate that three laws of friction, 
based on findings of L. da Vinci, G. Amontons, and C. 
Coulomb [L. 15], have limited application. 

For these reasons, the presented study is aimed 
at developing a model of external friction with regard 
to plant granular materials, in which, apart from load, 
sliding velocity and material moisture content are taken 
into account.

MATERIAL  AND  METHOD

Three common plant granular materials, i.e., peas, maize, 
and triticale (Fig. 1a), were subjected to investigation. 
The choice of materials was mainly driven by differences 
in geometric shape. According to the research conducted 
by Frączek and Wróbel [L. 16], Mohsenin’s shape factor 
(Sn) can be calculated by using the following formula:

Fig. 1.  Material and equipment used for research purposes: a) material (peas, maize, triticale), b) cart-type device for 
friction measurement c) view of the test facility, d) a sample graph of external friction force vs. displacement

Rys. 1.  Materiał i urządzenie wykorzystane podczas badań: a) materiał (groch, kukurydza, pszenżyto), b) schemat wózka do pomiaru 
siły tarcia, c) widok stanowiska pomiarowego, d) przykład wykresu zależności siły tarcia zewnętrznego od przemieszczenia
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Fig. 2.  Research scheme
Rys. 2.  Schemat badań
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where: a, b, c – seed thickness, width, and length, 
respectively,
took on the following values: Sn = 0.88 for peas; Sn = 
0.72 for maize; Sn = 0.56 for triticale.

Tests were performed using MTS Insight 2 Material 
Testing Machine featuring a 25 [N] strain gauge load 
cell, accurate to 0.001 [N], and fitted with a special flat 
surface with a cart-type device moved along (Fig. 1b, c). 
The MTS-compatible software allowed recording the 
values of friction force at 100 Hz and producing a graph 
showing the relationships between friction force and 
displacement. The length of operating distance (cart 
displacement) was 60 mm.

The maximum force was recorded at the start of the 
operating distance and was associated with static friction 
(F1), while the average force (Fsr) observed throughout 
the whole distance L was related to kinetic friction 
(Fig. 1d).

Tests were planned and performed according to the 
scheme shown in Fig. 2. Each material was examined 
at four levels of moisture content (9, 12, 15, 18 [%]). 
Friction force was recorded at four sliding speeds (30, 40, 
50, 60 [mm/s]) and at five values of load. The moisture 
content of seeds was determined with the drying and 
weighing method on the Radwag WPX 50S moisture 
analyser, according to the standard EN14774-3: 2009. 
The examined granular materials were tested against 
galvanized sheet steel, which is often used in transport 
and storage facilities for biological granular materials. 
Each measurement was repeated three times, which 
produced 720 values of static and kinetic friction in 
overall.
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RESEARCH  RESULTS 

Figure 3 shows some changes in the values of friction 
force for the tested materials. The results were obtained 
at 12% moisture content for different levels of load. 
Regardless of the material used, there was a tendency 
for friction force to increase with increasing sliding 
velocity. This trend was also visible at 9% moisture 
content. With moisture content exceeding 15% for peas, 
the value of friction force stabilized with rising velocity, 
whereas for maize and triticale – it decreased until the 
local minimum was reached. Research on the impact 
of the three independent variables (velocity, moisture, 
and load) on friction force is difficult to perform without 
undertaking a proper statistical analysis.

The obtained results were used to perform analysis 
of variance (ANOVA), which showed that the influence 
of all included factors upon the value of friction force 
was statistically significant. 

This justified the need to develop a mathematical 
model. It was established that the following functional 
models would be considered:

                   T f N v ws = ( ),� ,�                              (1)
              
                    T f N v wk = ( ),� ,�                             (2)

where 
Ts  –  static friction force, [N];
Tk  –  kinetic friction force, [N];
N  –  applied load, [N];
v   –   sliding velocity (an increase in longitudinal 

loading in the case of sliding friction), [mm/min];
w  –  seed moisture content, [kg/kg of dry matter].

The difficulty in predicting the value of the friction 
force is that none of the existing theories, neither 
mechanical nor molecular nor molecular-mechanical 
nor energetic, take full account of all the factors that 
determine this phenomenon. Considering this, it was 
assumed [L. 17] that the relationship between friction 
force, both static and kinetic, and load can be expressed 
by the following ratio:

                    T a N C= ⋅ +                             (3)
where

T –  friction force;
a –  proportionality factor, friction coefficient, the 

value of which is determined by the physical 
properties of rubbing materials; 

C –  parameter including additional forces arising 
from friction (adhesion, cohesion, etc.). 
According to Janecki [L. 18], it is a parameter 
of maximum dispersion, conditioned by the 
influence of other components.

After having performed many tests (Statistica ver. 
12), it was found that the best goodness of fit, a measure 
which describes the discrepancy between the observed 
data and the fitted model, were obtained for the following 
equation:

                          T a N v wb= ⋅ + ⋅2
                   (4)

where: a, b – model constants.

Referring to Formula (3), the a-constant can be 
interpreted as the coefficient of friction, while the 
b-constant determines the value of the free term C, 
pointing to the great significance of seed moisture 
content, in particular. 

Calculations were performed separately for each 
seed type and several types of friction. All model 
constants were statistically significant. It has to be 
emphasized that, for tests performed on biological 
material, the coefficient of determination R2 took on 

Fig. 3.  Sample graphs of sliding velocity vs. friction force 
for the materials at 12% moisture content

Rys. 3.  Przykładowe wykresy zależności prędkości posuwu 
od siły tarcia, dla wilgotności 12%
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a relatively high value. In many published studies, the 
goodness of fit was below 70%. A particularly good fit 
of the curves to the measurement results was recorded 
for peas (for both types of friction, R2 exceeded 0.97). 
The lowest R2 was observed for maize subjected to 
static friction. The results of non-linear estimation were 
presented in Tables 1 and 2.

Table 1.  Results of non-linear estimation for static 
friction force

Tabela 1.  Wyniki estymacji nieliniowej dla siły tarcia statycz-
nego

The 
type of 

seed

Model 
constant Value Standard 

error
p R2

peas

a 0.133 0.001 0.00

0.976

b 4.831 0.044 0.00

maize

a 0.137 0.004 0.00

0.728

b 4.085 0.057 0.00

triticle

a 0.126 0.003 0.00

0.979

b 4.091 0.044 0.00

Table 2. Results of non-linear estimation for kinetic 
friction force

Tabela 2.  Wyniki estymacji nieliniowej dla siły tarcia kine-
tycznego

The type 
of seed

Model 
constant Value Standard 

error p R2

peas

a 0.124 0.001 0.00

0.975

b 4.777 0.039 0.00

maize

a 0.122 0.002 0.00

0.816

b 4.541 0.071 0.00

triticale a 0.115 0.002 0.00 0.811

As it might be expected, the coefficient of static 
friction was greater than the coefficient of kinetic 
friction. The differences were not profound, but – as 
it was shown by analysis of variance – they were 
statistically significant.

In the case of kinetic friction, there was 
a clear correlation between grain shape and the friction 
coefficient. For peas (most spherical in shape), the 
coefficient of friction took on the highest values. The 
lowest friction coefficient was recorded for triticale 
grains – having most elongated shapes. It is difficult, 
without further extensive research, to put forward 
a hypothesis explaining the obtained results. It can be 
presumed that, at the time of slipping, grains change their 
position, rotate, and reorient themselves. Rotation is 
caused by external friction, which has to oppose internal 
friction force between the grains. The rounder the grain, 
the lesser resistance has to be overcome. Owing to this, 
triticale grains, probably to a much lesser extent, change 
their position. The granular heap is much more stable; 
therefore, friction force takes on lower values.

It can also be stated that, with a decrease in the 
value of the shape factor, the importance of adhesion 
forces between the grains and the friction surface 
increases, as it might be inferred from the value of 
the b-exponent. This is a decreasing function; hence, 
the higher the b-value, the values of the C component 
decrease faster. It was found that, at the same sliding 
velocity, the greatest value of C was recorded for 
triticale. Thus, the greater the value of C, the lower is 
the seed shape factor.

In measurements, the properties of surface layer, 
including anatomical and morphological structure, 
which may additionally influence the value of friction 
force, were not taken into consideration.

Regrettably, in the case of static friction, the 
tendencies mentioned above are not so obvious. 
The interpretation of the obtained results is far more 
difficult.  No correlation was found between the seed 
shape factor and the values of friction force. Thus, it 
is recommended that, in further research, additional 
factors, which may affect the values of friction force, 
be taken into account. 

It is worth stressing that there exists a close 
relation between the C-component and velocity. In the 
developed model, it is the squared velocity. In a sense, 
this provides further evidence that heaps of granular 
plant materials may be treated as quasi-liquids, 
because, for liquids, flow resistance depends on the 
squared flow velocity.

An attempt was also made to check whether the 
obtained function could be used to predict friction 
force without considering the type of material (seed); 
therefore, to what extent the omission of cultivar 
properties (seed shape, seed dimensions, etc) could 
influence the accuracy of predictions. The results of this 
approximation are shown in Tab. 3.
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Table 3.  Results of non-linear estimation for the tested 
materials 

Tabela 3.  Wyniki estymacji nieliniowej dla badanych mate-
riałów

Type of 
friction

Model 
constant Value Standard 

error p R2

Static

a 0.125 0.003 0.00

0.802

b 4.091 0.043 0.00

Kinetic

a 0.115 0.002 0.00

0.815

b 4.170 0.043 0.00

It turned out that the model constants are statistically 
significant. One can also notice that for maize subjected 
to static friction R2 increased considerably. This 
was, however, at the expense of a huge drop in the 
coefficient of determination for peas. Thus, it needs to 
be concluded that, in further research aiming to develop 
a more accurate friction model, additional parameters 
of a granular heap (e.g., granular skeleton, bulk density, 
the number of contact points, or contact area per 
friction surface) and/or properties of surface layer (e.g., 

microhardness of grains, surface roughness) should be 
taken into consideration. 

CONCLUSIONS

Based on the analysis of the obtained research results, 
the following conclusions have been drawn:
1. The influence of sliding velocity, load, and seed 

moisture content upon the value of static and 
kinetic friction has statistically significant results.

2. After performing a number of tests, it has been found 
that the best goodness of fit, a measure of how well 
the observed values correspond to the assumed 
model, has been obtained for Equation (4).

3. With an increase in seed moisture content, the value 
of the C-component, which comprises additional 
forces arising from friction, increases.

4. It has been found that the C-component depends on 
the sliding velocity squared.

5. The value of the coefficient of kinetic friction is 
affected by seed shape.

6. Further research should take into consideration the 
additional parameters of a granular heap as well as 
including the properties of surface layer.

This Research was financed by the Ministry of 
Science and Higher Education of the Republic of Poland.
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