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A b s t r a c t: By using rapeseed as a model material, we deter- 
mined the internal friction angle and the friction coefficient 
against different surface types, by means of direct shear apparatus. 
We also established predictive models by fitting the experimen-
tal data. The internal friction angle of rapeseed ranged from 
23.91±0.28 to 34.99±1.08°. It decreased with normal stress (25 to 
100 kPa), and increased with the moisture content (6.58 to 11.16% 
wet basis). The friction coefficient against a surface of stainless 
steel, wood and concrete ranged from 0.25±0.01 to 0.50±0.03, 
0.34±0.00 to 0.56±0.00, and 0.40±0.00 to 0.56±0.06, respectively. 
A decrease in the friction coefficient was observed with increased 
normal stress (25 to 100 kPa). The friction coefficient tended to 
increase when the moisture content grew from 6.58 to 11.16% 
(a wet basis). When it comes to comparing the values of the fric-
tion coefficients of different friction materials, stainless steel had 
the lowest friction, followed by wood and concrete. Models were 
developed based on the obtained data, and the simulated values 
agreed well with the experimental data. These models can quickly 
predict the internal friction angle and friction coefficient values.

K e y w o r d s: internal friction angle, friction coefficient, nor-
mal stress, moisture content, predictive models

INTRODUCTION

Seeds are often subject to pressure and friction in the 
harvest, handling, storage and transportation processes. 
For example, in silos pressures tend to increase with the 
growing grain depth. If both pressure and friction are high 
enough, the stored grains or legumes can be damaged or 
become more susceptible to microbial or pest attacks 
(Bagheri and Dehpour, 2011). In addition, lateral pressures 
occur on silo walls due to the stacking of grains or legumes. 
The magnitude of these lateral pressures has a direct bear-
ing on the safety, reliability, economy and rationality of the 

silo structure. In many countries, accidents have occurred, 
such as cracks or collapse of the silo bodies, due to the 
insufficient consideration of load in the design process 
(Kieselbach, 1997; Mavrot et al., 2003). In global terms, 13 
million tonnes of grain are lost annually due to insect dam-
age, while 100 million t are lost due to the improper grain 
storage (Shankar and Abrol, 2012). Therefore, a reduction 
of the grain/legume loss caused by improper storage could 
contribute to saving food that proves necessary for feeding 
the ever-growing human population.

In order to predict the distribution of stress in a silo, 
the internal friction angle and the friction coefficient are 
required. The accurate determination of internal friction 
angles and friction coefficients is essential to calculate 
the lateral pressure on silo walls. According to Rankine 
(1856), the ratio of the lateral pressure to the vertical pres-
sure is related to the internal friction angle. Stable slopes 
and hang-ups in silos strongly depend on both the internal 
friction angle and the friction coefficient (Johanson, 1972). 
The liquidity level of grains is determined on the basis of 
the friction coefficient. If we know the frictional proper-
ties related to interactions between grains/legumes and 
the storage structure, we can optimize the silo design and 
equipment construction.

Friction is a complex phenomenon influenced by many 
factors. Most studies focus on the moisture-dependent 
frictional properties. We chose three parameters: moisture 
content, normal stress and frictional materials to study 
frictional properties, with rapeseed as a model material. 
Rapeseed was selected because it is an edible vegetable oil 
with an annual production of 72.5 million t. 
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In this experiment, the internal friction angle and the 
friction coefficient were measured against stainless steel, 
wood and concrete surfaces, using direct shear apparatus. 
Models to predict the internal friction angle and the friction 
coefficient were developed using the experimental data. 

MATERIALS AND METHODS

Rapeseed was purchased from a local market (Nanjing, 
China) and manually cleaned to remove any impurities. 
The mean diameter of the rapeseed kernels was 2.01 mm 
(n = 100 ± 0.09 mm). 

The moisture content was determined using the standard 
oven method (ASAE, 2001). In brief, 10 g of a pre-weighed 
sample was dried in an oven at 130ºC for 0.7 h. The mois-
ture content was then calculated, based on the change in 
the mass before and after drying. The initial moisture con-
tent of rapeseed was 8.15% (a wet basis). The samples 
were adjusted to the desired moisture contents of 9.68 and 
11.16% (a wet basis) by adding distilled water, as described 
by Balasubramanian (2001), or by drying (if the desired 
moisture was lower than the original):
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where: Q is the mass of distilled water required (kg), Mi is 
the mass of rapeseed (kg), Wi is the initial moisture content 
of rapeseed (% wet basis), and Wf  is the desired moisture 
content of rapeseed (% wet basis). The frictional proper-
ties were determined at the moisture content of 6.58, 8.15, 
9.68 and 11.16% (a wet basis). After adjustment, the sam-
ples were placed in sealed bags and kept in an artificial 
air box at 5ºC for a week. Then, the samples were equili-
brated at room temperature for 2 h before each experiment 
(Deshpande et al., 1993). 

The internal friction angles of rapeseed were measured 
using direct shear apparatus (Nanjing Soil Instruments 
Co., Ltd., Nanjing, China) (with automatic data collection) 
(Fig. 1). 

The apparatus has shear boxes, each consisting of an 
upper and lower cell. Two types of shear boxes, i.e. a square 
shear box and a circular shear box, can be used in direct 
shear testing. According to Moya et al. (2013), no signifi-
cant differences were observed between these two types of 
shear boxes. Therefore, the square shear box with a side 
length of 100 mm was selected for our study.

In the direct shear experiment, seeds were easily con-
strained by the box wall, which was likely to affect the 
experimental results. Therefore, it proved necessary to set 
a certain gap between the upper and lower boxes before the 
shear could begin. Based on the rapeseed size, a gap dimen-
sion of 2 mm was determined.

To begin this test, the sample was poured into the 
test box, and normal stress parameters of 25, 50, 75 and 
100  kPa were applied, corresponding to the actual condi-
tions found in silos. 

Rapeseed belongs to a category of non-cohesive solids. 
So, the fast shear experimental speeds of non-cohesive soils 
could be used as the reference shear speed in this paper. In 
order to simulate the actual conditions of rapeseed in silos, 
the selected shear speed should be as low as possible, so the 
shear speed of 1.33 mm min-1 s was selected. 
1. Four coins were placed in the corners of the lower shear 

box to meet the requirement of a 2 mm gap. Two screws 
were then inserted into the holes of the shear boxes to 
fix them.

2. The sample was poured into the test box and we made 
sure the surface was even. Cover plates and pressure 
caps were placed over the sample as additional measures 
to induce the adequate stress. On this basis, the normal 
stress was applied through the air compressor.

3. The shear speed was adjusted by the hand-wheel of the 
direct shear apparatus. After pulling out the locating 
screws, the experiment could begin. Three replications 
were performed for each sliding surface, moisture con-
tent and normal stress. 

According to Mohr-Coulomb’s theory, the internal 
friction angle is defined as:

arctan cτϕ
σ
− =  

 
, (2)

where: φ is the angle of internal friction (°), τ is the shear 
stress (kPa); c is the cohesion of the bulk solids (kPa) and 
σ is the normal stress (kPa). The cohesion of rapeseed was 
found to increase with the moisture content. However, the 
experimental moisture content was relatively low, and the 
cohesion was relatively small. Assuming that rapeseed dis-
played no cohesion, we used the maximum shear force to 
determine the internal friction of the bulk solids. It means 
c = 0. Then, Suthar and Das (1996):

( )arctan τϕ σ= . (3)

The method employed in determining the friction coef-
ficient was similar to that used for the internal friction 
angle. The difference was that the shear force between the 
grain and different frictional materials was measured. The 
friction coefficient is calculated as:

τµ σ= . (4)

Fig. 1. Direct shear apparatus.
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RESULTS AND DISCUSSION

Table 1 provides the mean values of internal friction 
angles and standard deviations.

According to the data in the Table 1, the internal friction 
angles ranged from 23.91±0.28 to 34.99±1.08°. When the 
normal stress increased, the internal friction angle tended 
to decrease. With a fixed normal stress, the internal friction 
angles of rapeseed increased with the moisture content. 

The published data support the relationship between the 
moisture content and the internal friction angle. Horabik 
and Molenda (2002) reported that the internal friction 
angles of lentils increased 1.4 times when moisture con-
tent rose from 10 to 20%. With such moisture contents, the 
internal friction angles of wheat also increased from 26 to 
35° (Molenda et al., 2006).  

A model was developed to fit the internal friction angle, 
moisture content and normal stress parameters. 

The relationship between the internal friction angle and 
the moisture content is linear and can be expressed as Eq. 
(5) when normal stress is lower than 25 kPa (Fig. 2):

φ0 = 1.64MC+16.67   R2 = 0.99, (5)

with normal stress of 100 kPa, internal friction angles can 
be calculated by a linear Eq. (6) (Fig. 2):

φmin = 0.57MC+20.33   R2 = 0.98. (6)

Based on the above, the following model was proposed to 
simulate the relationship of the internal friction angle with 
both the moisture content and normal stress:

φ = φ0 + (φmin – φ0) (1 – e-λ(σ-25)), (7)

where λ is the model constant. Eq. (7) can be rewritten as 
Eq. (8) to evaluate the model constant value λ:

( )0

min 0

ln 1 25ϕ ϕ λ σ
ϕ ϕ

 −
− = − − −  . (8)

According to Eq. (8), 0

min 0

ln 1 ϕ ϕ
ϕ ϕ

 −
− −   was taken as the 

ordinate, (σ – 25)
 
as the abscissas, and the negative value of 

linear regression linear slope is the model constant λ. The 
result shows that the value of λ is 0.0349. The model of the 
internal friction angle with both the moisture content and 
normal stress can be obtained by combining Eq. (5) with 
Eq. (7). The experimental values and the simulated values 
were both plotted in Fig. 3 to analyse the differences 
between them:

φ = (0.57MC + 20.33)+(1.08MC – 3.66) e-0.0349 (σ-25). (9)

Ta b l e  1. Internal friction angle of rapeseeds

Moisture content 
(% wet basis)

Internal friction angles (°)

Normal stresses (kPa)

25 50 75 100

Mean SD Mean SD Mean SD Mean SD

6.58 27.45 1.81 25.221 0.71 24.39 0.00 23.91 0.28

8.15 30.11 1.21 27.47 0.90 26.26 1.06 25.17 0.00

9.68 32.60 1.63 28.81 0.62 27.27 0.35 25.87 0.33

11.16 34.99 1.08 29.68 0.61 27.87 0.35 26.56 0.79

Fig. 2. Internal friction angle (normal stress of 25 and 100 kPa).
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Based on Fig. 3, a relatively high consistency was ob-
tained between the experimental and simulated data for the 
internal friction angle. The errors in different moisture con-
tent values (6.58, 8.15, 9.68 and 11.16% wet basis) were 
0.99, 0.94, 0.83 and 1.29%. 

Table 2 provides the friction coefficients of rapeseed 
against different frictional materials.

The friction coefficient against stainless steel, wood and 
concrete materials ranged from 0.25±0.01 to 0.50±0.03, 
0.34±0.00 to 0.56±0.00, 0.40±0.00 to 0.56±0.06, respec-
tively. Stainless steel had the lowest friction, followed by 
wood and concrete. These results are due to the roughness 
of the frictional materials. Stainless steel has a very smooth 
surface while wood and concrete are comparatively rough-

er. Stainless steel also offered the lowest friction coefficient 
for other varieties of rapeseed (Izliet al., 2009; Unal et al., 
2009). 

For each material, the friction coefficient increased with 
a rise in the moisture content and decreased with a rise in 
normal stress. The reason for the increased friction coef-
ficient at higher moisture contents may be caused by the 
moisture offering a cohesive force on the contact surface. 
Cohesion generally increases with moisture (Fitzpatrick et 
al., 2004). In addition, the higher normal stress makes the 
friction contact surface much smoother, thus decreasing the 
friction coefficient of grains. 

Based on the above observations, the following method 
was proposed for predicting friction coefficient by fitting 
the experimental data.

The values of the friction coefficient against a surface 
of stainless steel, wood and concrete can be calculated by 
linear equations under normal stress of 25 kPa (Fig. 4).

µ01 = 0.026MC + 0.198  R2 = 0.98, (10)

µ02 = 0.035MC + 0.170  R2 = 0.99, (11)

µ03 = 0.009MC + 0.464  R2 = 0.96, (12)

with normal stress of 100 kPa, the relationship between the 
friction coefficient and the moisture content can be approxi-
mately fitted as: (Fig. 5)

µmin1 = 0.008MC + 0.197  R2 = 0.99, (13)

µmin2 = 0.008MC + 0.288  R2 = 0.96, (14)

Fig. 3. Variation of the internal friction angle with both the mois-
ture content and normal stress.

Ta b l e  2. Friction coefficient of rapeseeds

Moisture 
content
(% wet basis)
(stainless steel)

Friction coefficient
Friction coefficient (concrete)

Stainless steel Wooden board

Normal stresses (kPa)

25 50 75 100 25 50 75 100 25 50 75 100

6.58
0.38 0.29 0.27 0.25 0.40 0.36 0.35 0.34 0.52 0.44 0.41 0.40

0.03* 0.01* 0.00* 0.01* 0.06* 0.00* 0.01* 0.00* 0.06* 0.00* 0.01* 0.00*

8.15
0.40 0.31 0.28 0.26 0.46 0.39 0.37 0.36 0.53 0.46 0.43 0.41

0.00* 0.01* 0.01* 0.01* 0.03* 0.01* 0.01* 0.01* 0.02* 0.00* 0.01* 0.01*

9.68
0.44 0.34 0.29 0.27 0.52 0.41 0.39 0.37 0.50 0.47 0.45 0.43

0.06* 0.00* 0.00* 0.01* 0.00* 0.01* 0.00* 0.01* 0.03* 0.01* 0.01* 0.00*

11.16
0.50 0.36 0.31 0.28 0.56 0.43 0.41 0.38 0.56 0.49 0.46 0.45

0.03* 0.00* 0.01* 0.00* 0.00* 0.01* 0.01* 0.00* 0.06* 0.01* 0.01* 0.01*

*Figures are standard deviation.
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µmin3 = 0.010MC + 0.334  R2 = 0.99. (15)

Eq. (16) was selected to simulate the relationship of 
the friction coefficient with both the moisture content and 
normal stress:

µ = µ0 + (µmin – µ0) (1 – e ε(σ-25)), (16)

where: ε  is model constant. Eq. (16) can be changed into:

( )0

min 0

ln 1 25µ µ ε σ
µ µ

 −
− = − − −  . (17)

According to Eq. (17), 0

min 0

ln 1 µ µ
µ µ

 −
− − 

 was taken as 

the ordinate, (σ – 25) as the abscissa, the negative value of 
the linear regression slope is the model constant ε. The 
results show that the values of ε for stainless steel, wood 
and concrete are 0.0378, 0.0408 and 0.041, respectively. 
The model of variation of the friction coefficient with both 
the moisture content and normal stress can be obtained by 
combining Eq. (10) with (16). The experimental values and 
the simulated values were both plotted in Fig. 6 to intuition-
ally analyse the differences between them:

µstainless steel=(0.008MC+0.197)+(0.0185MC+0.001)e-0.0378(σ-25),
(18)

µwood=(0.008MC+0.288)+(0.0272MC+0.118)e-0.0408(σ-25),
(19)

µconcrete=(0.01MC+0.334)+(0.0016MC+0.131)e-0.041(σ-25).
(20)

Based on Fig. 6, the simulated values of the models 
agree well with the experimental data. The maximum error 
between the simulated value and the experimental value for 
different surfaces (stainless steel, wood and concrete) was 
4.40, 4.42 and 1.89%, respectively.

CONCLUSIONS

1. The internal friction angle of rapeseed ranged from 
23.91±0.28 to 34.99±1.08°. The friction coefficient against 
a surface of stainless steel, wood and concrete ranged from 
0.25±0.01 to 0.50±0.03, 0.34±0.00 to 0.56±0.00, 0.40±0.00 
to 0.56±0.06, respectively.

2. The internal friction angle and the friction coeffi-
cient both decreased with normal stress, and increased with 
the moisture content. The lowest friction coefficient was 
offered by stainless steel, followed by wood and concrete.

3. The values of the internal friction angle can be 
obtained as: φ=(0.57MC+20.33) (1.08MC–3.66)e-0.0349(σ-25). 
The variation of the friction coefficient against a surface 
of stainless steel, concrete, and wood can be calculated by 
µstainless steel=(0.008MC+0.197)+(0.0185MC+0.001)e-0.0378(σ-25),  
and µwood=(0.008MC+0.288)+(0.0272MC+0.118)e-0.0408(σ-25), 

and µconcrete=(0.01MC+0.334)+(0.0016MC+0.131)e-0.041(σ-25). 
4. The simulated values of the models were in good 

agreement with the experimental data. The internal friction 
angle and friction coefficient values can be quickly predict-
ed by using these models.

Fig. 4. Friction coefficient (normal stress of 25 kPa).

Fig. 5. Friction coefficient (normal stress of 100 kPa).
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