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THe  INFLUeNce  OF  THe  rePOSe  ANGLe  AND  POrOSITY  
OF  GrANULAr  PLANT  MATerIALS  ON  THe  ANGLe  
OF  INTerNAL  FrIcTION  AND  cOHeSION

WPŁYW  kąTA  USYPU  I  POrOWATOŚcI  zIArNISTYcH  MATerIAŁÓW 
rOŚLINNYcH  NA  kąT  TArcIA  WeWNĘTrzNeGO  I  kOHezJĘ
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 Abstract Internal friction in granular plant materials is a very complex phenomenon. This is due to a vast number of 
factors that determine the behaviour of these materials. This article looks at exploring the impact of porosity, the 
repose angle, and moisture on the value of the internal friction angle and cohesion. Statistical analysis showed 
that the influence of the examined factors on the parameters of friction is statistically significant. Nonlinear 
estimation was performed, which allowed developing functions describing the mentioned relationship, for 
which the goodness-of-fit (depending on the material type) ranged from 0.813 to 0.915 for the internal friction 
angle and from 0.748 to 0.963 in the case of cohesion. It has been found that internal friction and cohesion 
need further research that will take into account additional factors defining the examined material in a more 
accurate manner. 

 Słowa kluczowe:  tarcie wewnętrzne, porowatość, materiały ziarniste.

 Streszczenie  Tarcie wewnętrzne roślinnych materiałów ziarnistych jest zjawiskiem bardzo złożonym. Wynika to z du-
żej ilości czynników determinujących zachowanie się tych materiałów. W artykule podjęto próbę określenia 
wpływu porowatości, kąta usypu oraz wilgotności na wartość kąta tarcia wewnętrznego i kohezję. Analiza 
statystyczna wykazała istotność wpływu badanych czynników na parametry tarcia. Przeprowadzono estyma-
cję nieliniową, która pozwoliła na zaproponowanie funkcji opisujących wspomnianą zależność, dla których 
uzyskano współczynnik dopasowania (w zależności od rodzaju materiału) od 0.813 do 0.915 dla kąta tarcia 
wewnętrznego oraz od 0.748 do 0.963 dla kohezji. Stwierdzono, że zarówno  w przypadku kąta tarcia we-
wnętrznego, jak i kohezji należy prowadzić dalsze badania, uwzględniając dodatkowe czynniki, w sposób 
dokładniejszy charakteryzujące badany materiał.
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INTrODUcTION

Cereal grains, oil plants, legumes, and various types of 
biomass are one of the most abundant granular materials 
that are subjected to a variety of treatment processes in 
agriculture, the food industry, and power engineering.

These types of materials are put into use in 
a number of ways, starting from the selection of crops 
intended for seed production, through the production of 
food and feed, and ending with the production of plant-
based materials increasingly used for non-food purposes 
(including energy). Yet, regardless of use, these materials 
undergo a series of technological processes that are often 
aimed at maintaining such process parameters that can 

ensure a high-quality product. Quality can be defined in 
different ways and depends primarily on the ultimate use 
of the product. Materials intended for seeds cannot be 
damaged; but, when it comes to milling, they need to be 
finely crushed,  etc. In each of these cases, technological 
operations are invariably accompanied by friction.

For granular materials, friction is a still relatively 
unknown phenomenon [L. 1, 2], although it plays an 
important role in repeated transfer of material and its 
transport and storage in silos. These processes should be 
optimized in order to minimise energy expenditure. To 
develop an accurate model allowing the simulation of 
processes, it is necessary to determine both external and 
internal friction forces. According to many authors, they 
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are one of the basic factors influencing the behaviour of 
such materials [L. 3–5].

For plant granular materials, internal friction is 
understood as the resistance against the motion between 
the material grains, thus occurring between individual 
particles of the same substance. However, they constitute 
the separate components of an assembly, and, in this 
respect, the phenomenon could be considered as the 
external friction of the grains sliding against each other.

The similar case is with cohesion, which is defined 
as the maximum shear stress applied to a substance at 
zero normal pressure [L. 6]. For construction materials, 
cohesion is perceived as the resistance of a physical body 
to the separation of its component parts. The measure 
of resistance is the amount of force required to oppose 
the separation process. In this context, for plant granular 
materials, the notion of cohesion, which is involved in 
internal friction, is closer to the concept of adhesion, or 
the ability of the surfaces of physical bodies to attach 
to one another. Both forces result from intermolecular 
interactions, but adhesion is a surface phenomenon 
occurring on the boundaries of solids, while cohesion 
takes place within the physical body being torn apart. 
There is often no clear distinction between cohesion and 
adhesion. In research on the conglomerations of granular 
materials, however, it has been assumed – as in soil 
mechanics – that cohesion is a set of physicochemical 
forces that bind up solid structures and resist shear 
stresses. 

Cohesion in a granular material assembly depends 
on various factors. The important are particle shape, 
hygroscopy, and porosity [L. 7, 8]. There is an inverse 
relation between the cohesion of granular materials and 
their ability to flow.

The modelling of internal friction in plant granular 
materials is greatly impeded by a number of factors that 
should be included in the description of the phenomenon. 
The most important undoubtedly include anisotropy in 
the physical properties of grains as well as moisture. The 
properties of a single particle, such as surface roughness, 
dimensions, shape, parameters defining susceptibility to 
deformation, as well as the geometric structure of a whole 
substance, i.e. porosity, bulk density, adhesion, cohesion, 
and grain orientation, are equally important. It has to be 
remembered, however, that all these factors always need 
to be considered in the context of the changing moisture 
content of the material, which substantially affects the 
physical properties of individual grains and the whole 
substance. [L. 9, 10].

Internal friction limits the motion of grains slipping 
against each other. In order to elicit a slide, a certain 
force has to be applied (causing shear stress), which – 
according to the simplest model (Coulomb’s) – depends 
on the pressure exerted by the material (normal stress) 
and cohesion (1), [L. 11, 12].

Figure 1 shows the method for determining and 
interpreting the angle of internal friction.

Fig. 1. The principles of internal friction determination in 
granular materials

Rys. 1. Schemat zasady wyznaczania tarcia wewnętrznego 
materiałów ziarnistych

τ σ ϕ= ⋅ +tan C                           (1)

where:  τ  – shear stress,
 σ  – normal stress,
	 φ  – internal friction angle,
 C – cohesion.

 When investigating plant granular materials, the 
angle of repose (wrongly identified with the angle of 
internal friction), which is the angle between the slant 
height and the horizontal plane of a conical pile, is often 
measured (Fig. 2). It has been gaining popularity, due to 
the simplicity of measurement (as opposed to internal 
friction). Depending on the properties of the examined 
granular material, the angle of repose may be greater 
or smaller than the angle of internal friction [L. 6]. At 
present, a few methods of cone formation and repose 
angle determination are in common use [L. 13, 14]. 
Fig. 2 shows the “piling” method in which the material, 
flowing through a funnel, forms a conical prism on 
a platform.

Fig. 2. The repose angle α determined by the “piling” 
method 

Rys. 2. Kąt usypu α wyznaczony metodą nasypową

According to Carr [L. 15], an angle of 55° and 
more indicates high cohesiveness and a flowability 
close to zero, while at an angle of up to 35°, the material 
demonstrates the free-flowing behaviour and the capacity 
to fill in a container of almost any shape. Flowability, 
therefore, will be one of the essential parameters used 
in calculations concerning the transport and storage of 
granular materials.

Factors influencing the internal friction angle as 
well as the angle of repose or cohesion also significantly 
affect the porosity of these materials. Porosity is 
directly related to the bulk density of the material and 
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is understood as the amount of void spaces between the 
material particles [L. 16, 17].

Taking into account that the force of internal 
friction and the angle of repose are determined by the 
same factors (Fig. 3), it can be assumed that there must 
be a close relation between these properties.

Fig. 3.  Factors determining the behaviour of granular 
materials of biological origin

Rys. 3. Czynniki determinujące zachowanie biologicznych 
materiałów ziarnistych

Considering the above, the paper aims to determine 
the influence of the selected properties of granular 
materials, i.e. porosity, moisture content, and the angle of 
repose, upon the value of internal friction and cohesion.

MATerIAL  AND  MeTHOD

Three granular materials of biological origin were 
subjected to investigation, i.e. peas, maize, and triticale, 
at moisture contents of 9, 13, 16, 19 [%]. Porosity was 
calculated from the following equation (2):

ε
ρ
ρ

ε= − ≤ ≤1 0 1n                (2)

where: ρn –  the bulk density of a material [g ∙ cm-3], 
	 ρ	 – the particle density (true density) of 

a material [g ∙ cm-3].  

Bulk density was determined from Equation 
(3) by pouring the material into a container of known 
volume (1000 cm3). The surplus material sticking out 
beyond the edge of the container was skimmed off so 
that the examined material might fill the container to its 
capacity. Then, it was weighed. It has to be emphasized 
that, in order to achieve the highest reproducibility 
of measurements during each experiment, the same 
measurement conditions were maintained, e.g., the 

height from which the material was poured into the 
container.

ρn
m
V

= �                                 (3)

where: m – mass [g], 
 V – volume[cm3].        

The described procedure for measuring porosity 
was repeated 10 times for the investigated materials at 
all levels of moisture content.   

Grain moisture content was determined by the 
drying method according to the standard specification 
EN14774-3: 2009. The grains under investigation were 
placed in an oven at 105 °C. The weight loss in the tested 
samples was measured with a laboratory scale with an 
accuracy of 0.0001 [g].

Particle density was determined by the GeoPyc 
1360 Density Analyzer (Fig. 4), using the quasi-liquid 
pycnometry method. Once again, the tests were repeated 
10 times. 

a)

b)

Fig. 4. GeoPyc 1360: a) general view, b) the view of the 
chamber for measuring density

Rys. 4. GeoPyc 1360: a) widok ogólny, b) widok na komorę 
do pomiaru objętości
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The cone required for the measurement of the 
angle of repose was formed by the “piling” method, 
the general concept of which has been shown in Fig. 2, 
and the measurement method has been thoroughly 
described in [L. 14]. The method is based on the 
application of the elements of DIA (Digital Image 
Analysis). Measurements are performed according to 
the following sequence: image acquisition; single frame 
cutting; binarization, and filtration; the determination 
of boundary pixels; coordinate record, approximation, 
and angle computation. The adjustment of the lens 
optical axis to the slant height of a cone, used in order to 
minimize an error arising from the optical system of the 
camera, deserves special attention. 

Further data required for analysis (of the internal 
friction angle, cohesion) were collected from the 
available articles in which the results of identical 
granular materials at the same moisture contents have 
been published – cf. Fig. 5 [L. 13]. These results were 

Fig. 5. Mean values: a) of the repose angle, b) of cohesion, 
c) of the internal friction angle. Source: data 
compiled from [L. 13]

Rys. 5.  Średnie wartości: a) kąta usypu, b) kohezji, c) kąta 
tarcia wewnętrznego. Źródło: opracowanie na podsta-
wie [L. 13]

obtained from measurements performed with the use of 
a Jenike test apparatus, which allowed for the application 
of Equation (1) in modelling.

reSeArcH  reSULTS

Based on the presented methodology, the values of 
bulk density were calculated for the examined grains. 
The obtained results (in the form of mean values) are 
presented in Fig. 6. One can observe a significant 
decrease in bulk density with the increasing moisture 
content of the materials. The relatively largest drop 
has been recorded for triticale, which at 19% moisture 
content exhibited density comparable to that of maize.

The measurements showed that there was a faster 
increase in the volume of the granular assembly than 
in its mass. A rise in moisture content resulted in the 
increased volume of individual grains, both through the 
growth of the cells themselves and owing to the growth 
of the intercellular spaces.

Fig. 6.  The bulk density of the tested grains
Rys. 6.  Gęstość usypowa badanych nasion

The results of the porosity measurements were 
analysed statistically. The analysis of variance 
confirmed the statistical significance of the influence of 
the material type and moisture content on the examined 
property. For example, mean values for the “material 
type” factor have been plotted in the graph shown in 
Fig. 7 – considerable differences have been observed 
and no homogeneous group has been created. As for 
moisture content, Duncan's test showed the existence of 
homogeneous groups at 16% and 19%.

As compared to density, the porosity of the 
examined granular materials – under the influence 
of increased moisture – underwent slightly different 
changes (Fig. 8). For triticale, there was a noticeable 
decrease in porosity towards approx. 16% moisture 
content, followed by its sharp rise. For peas and maize, 
the tendencies were similar and the local maximum was 
recorded at approx. 13% moisture content. It needs to be 
recognized, therefore, that the porosity of plant granular 
materials is not a function of bulk density. The research 
showed that the smallest porosity was observed for the 

a)

b)

c)
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solid structures most closely resembling a sphere in 
shape (peas) and the largest porosity was observed for 
elongated solid structures (triticale). It is very likely that 
this stems from the fact that elongated grains are less 
efficiently packed and the void spaces are not completely 
filled by differently oriented particles.

Fig. 7.  The average porosity of the examined materials.  
A – peas, B – maize, c – triticale

Rys. 7.  Średnia porowatość badanego materiału. A – groch, 
B – kukurydza, C – pszenżyto

Fig. 8.  Porosity depending on the type of material and 
moisture content: A – peas, B – maize, c – triticale

Rys. 8. Porowatość w zależności od rodzaju materiału oraz 
wilgotności: A – groch, B – kukurydza, C – pszenżyto

The above observations were confirmed by the 
analysis of the second-degree interactions. The analysis 
of variance revealed the statistical significance of the 

interaction between moisture and material type. Duncan's 
test showed the existence of several homogeneous 
groups. The variations in porosity are similar for peas 
and maize – the materials closest in shape to a sphere 
(Fig. 9).

Fig. 9.  Interaction plot for moisture vs. material type:  
A – peas, B – maize, c – triticale

Rys. 9.  Interakcja wilgotność – rodzaj materiału: A – groch,  
B – kukurydza, C – pszenżyto

In accordance with the research objectives, in the 
next step, linear estimation was performed, both for the 
angle of internal friction and cohesion.

When establishing the relation between the angle 
of internal friction and moisture, porosity, and the angle 
of repose, after having tested a number of different 
functions (nonlinear estimation performed in Statistica 
ver.12 using the Gauss-Newton algorithm), it was found 
that the best goodness-of-fit, measuring how well the 
observed data correspond to the fitted model, evaluated 
with the use of R2, was recorded for the following two 
models: 
• Model A:ϕ α= ⋅ +⋅ ⋅a p cw b w�                                          (4)
• Model B:ϕ α= ⋅

⋅
a p

b w�
                                                                                 (5)

where: φ – the angle of internal friction,[o] 
 p – porosity
 w – moisture, [kg/kg of dry matter] 
	 α	– the angle of repose,[o] 
 a, b, c – model constants.

The results of the estimation are given in Tab. 1. 
The models obtained for each material type confirm, in 
a sense, the tendencies observed for porosity. The angle 
of external friction for triticale is expressed by the B 
model. It lacks the c-constant, and porosity depends on 
the angle of repose and moisture, while the coefficient 
of determination R2 is relatively low (0.78). Only for 
peas, R2 reached a satisfactory level (for plant materials). 
An attempt was also made to develop a model for two 
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types of material simultaneously (peas and maize). 
The obtained coefficient of determination R2, however, 
should be considered unsatisfactory. A similar test was 
performed for all of the materials, and the goodness-of-fit 
got decreased to merely 30%. This clearly indicates that, 
in further research on the internal friction angle of plant 
granular materials, additional factors characterizing the 
given materials need to be taken into consideration.

Nonlinear estimation was performed separately 
for cohesion C. In this case, a homogenous model was 
obtained using the following equation:

C a w b= ⋅ ⋅ +( ) .α 0 1                          (6)

where: C – cohesion [kPa],
 w – moisture, [kg/kg of dry matter],
	 α	– the angle of repose [°],
 a, b – model constants.

For peas and triticale, a high value of R2 was 
obtained, while maintaining the statistical significance 
of the model constants (Tab. 2). Taking into account 
the considerable variability in the physical properties of 
plant granular materials, it needs to be concluded that 
the value of cohesion can be satisfactorily predicted due 
to the developed models. In the case of peas, the value 
of the b-constant points to the very strong influence 
of the angle of repose and moisture content on the 
values of cohesion. This may be caused by the different 

anatomical and morphological structure of the seed 
coat. For maize, the obtained measure of goodness-of-
fit is unsatisfactory. As in the case of internal friction, 
investigations should be extended to other factors 
describing the tested materials more accurately.

cONcLUSIONS

The conducted investigations allowed drawing the 
following conclusions:
1. The porosity of the examined plant granular 

materials depends on the material type and moisture 
content.

2. It has been found that the value of the internal 
friction angle is affected by moisture, porosity, 
and the angle of repose. This relationship can 
be described with nonlinear functions, for each 
examined material separately.

3. The studies have shown that moisture has a profound 
influence on the angle of repose and cohesion. 
This relation can be satisfactorily expressed by 
a nonlinear function only for maize and peas.

4. Further research on the internal friction angle and 
cohesion has to be carried out, taking into account 
additional factors that may contribute to the better 
description of the examined materials. 
This Research was financed by the Ministry of 

Science and Higher Education of the Republic of Poland.

Table 1.  The results of nonlinear estimation for the angle of internal friction 
Tabela 1.  Wyniki estymacji nieliniowej dla kąta tarcia wewnętrznego

Material 
type

estimation 
model

Model constants and standard deviation
R2

a SDa b SDb c SDc

Maize B 49.04 1.06 -0.70 0.15 - - 0.813

Triticale A 19.01 0.43 0.69 0.04 1.5 0.09 0.781

Peas B 30.24 0.58 0.79 0.16 - - 0.915

Peas and 
maize B 44.43 3.14 -0.82 0.25 - - 0.822

Table 2. The results of nonlinear estimation for cohesion
Tabela 2. Wyniki estymacji nieliniowej dla kohezji

Material type
Model constants and standard deviation 

R2

a SDa b SDb

Maize 0.95 0.02 0.51 0.12 0.748   

Triticale 0.97 0.09 0.79 0.17 0.963 

Peas 1.96 0.02 2.53 0.32 0.946  
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