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Abstract | Original Research Article

In this study, quasi-static compression test was performed on SAMNIT 11 groundnut kernels to evaluate the effect of
loading rate; kernel orientation and size, on some of its mechanical behaviours (rupture force, rupture energy,
toughness and rupture power). The SAMNUT 11 groundnut kernels used for this study were categorized into three
sizes (large, medium and small) and compressed along three orientations (X- Y- and Z- axis), at three loading rates
(15, 20 and 25 mm/min). The X- axis is the plane perpendicular to the suture line; Y - axis is in the plane containing
the suture line; while Z-axis is the longitudinal axis through the suture line. Results obtained from the quasi-static
compression test showed that loading rate had significant (p <0.05) effect on all the mechanical behaviours studied. In
contrast, the kernel orientation and size did not significantly (p <0.05) affect the rupture energy of the groundut kernel.
The results further depicted that the mechanical behaviours values were highest when the kernels were compressed at
15 mm/min along the X - axis. From the results, the highest rupture energy (0.116 Nm) was recorded when the large
kernel was compressed along the X-axis, at a loading rate of 15mm/min, while the least rupture energy (0.02 Nm) was
recorded when the small kernel was compressed along the Z-axis at a loading rate of 25mm/min. On average, the large
groundnut kernels required about 38% greater force to rupture when compared with the small kernels. In addition, the
kernel toughness decreased with increase of the kernel size. These results could be useful in modification of existing
groundnut processing (milling) equipment.
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family, legumes are the most utilized as an alternative
source of protein; human consumption of legumes has
been increasing recently since the seeds are regarded as
a source of beneficial nutrients [5]. Groundnut kernels

Aaricul o - - b 47 milli are consumed directly (raw or cooked) by human
griculture Organization statistics, about 47 million beings, or processed into refined products like

tonnes of groundnut where produced in the world in :

- . . roundnut oil, groundnut butter, groundnut cake, etc.
2017. Currently, Nigeria ranks the 8" position in ?G]U utoff, groundnut bu groundnu
groundnut production in the world, producing about 2.5 '
million tonnes of groundnut in 2017 [1]. Since 1990,

INTRODUCTION

Groundnut (Arachis hypogaea L. is a
leguminous oilseed crop cultivated in nearly 100
countries of the world. According to the Food and

the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT), and other research centres in
the Africa continent have developed and tested about 30
improved (disease resistant and improved yield)
groundnut varieties [2]. Early maturing groundnut
varieties are more suitable for areas with shorter annual
rainfall, while late - maturing types will perform better
in areas with longer rainfall duration [3]. The nutritional
value of groundnut kernel is highly influenced by its
cultivar, soil type, local climatic condition, harvesting
time, farming methods, etc. [4]. Among the plant

The physical characteristics and mechanical
properties of agricultural materials are essential in the
design and development of their related handling,
processing and storage types of machinery. Knowledge
of failure properties of agricultural properties is
necessary for the design of their storage and handling
systems. In addition, the knowledge of rupture
parameters of agricultural products under compression
loading is vital for the design of their milling and
crushing machines. Angle of repose plays an important
role in designing the equipment for solid flow and
storage. Knowledge of the frictional properties is
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valuable in designing machines effective in dehulling
and packaging [7]. The mechanical response of kernel,
seed and nut to impact loading or a static compressional
loading is highly influenced on the direction of the
load’s application to the struts, beams, or cantilevers
within the tissue [8, 9]. During harvest and postharvest
operations, fruits and kernels go through several static
and dynamic pressures (e.g. high-speed impacts), which
caused bruises, crushes and cracks that increase their
susceptibility to deterioration during storage [10, 11].

Several researchers have investigated the
mechanical properties of fruits and nuts under quasi-
static compression loading, with respect to their sizes
and orientations. Guner et al. [12] evaluated the
mechanical behaviour of hazelnut under compression
loading under two loading orientations; and reported
that the highest rupture energy (812.90 Nmm) was
obtained when the nut was loaded along the axial axis,
while the lowest (488.60 Nmm) rupture energy was
obtained when the nut was loaded along the
longitudinal axis. Uguru and Nyorere [9] reported that
the failure force the groundnut kernels increased (from
41.28 N to 75.37 N) with an increase in the kernel size;
but on the contrast, the failure force decreased from
75.37 N to 34.42 N, as the loading rate increased from
15 mm/min to 25 mm/min. Additionally, Altuntas et al.
[13] investigated the mechanical behaviours (rupture
force, specific deformation, rupture energy and
toughness) of plum fruits during compression, at a
different orientation. They observed that the rupture
energy and rupture power values of the plum fruits
when compressed along the Y- orientations were
highest when compared to the results obtained when the
fruits were tested along the X- and Z-orientations.
Sadowska et al. [14] stated that there was a clear
tendency towards an increase in failure force with an
increase in seed size, despite the accessions and
varieties. Uyeri and Uguru [15] reported that the force
required for initiating the rupture of SAMNUT 10
groundnut kernel increased from 37.21 to 76.10 N, as
the Kkernel size increased from small to large size. In
addition, Uyeri and Uguru [15] observed that the energy

absorbed by SAMNUT 10 groundnut kernel at rupture
point increased from 0.021 to 0.054 Nm, as the kernel
size increased from small and large kernel. ljabo et al.
[16] investigated the cracking force of groundnut,
Bambara nut (Voandzeia subterranean) and African
yam bean (sphenostylis stenocarpa) under quasi-static
compression loading. They reported that the groundnut
seeds had the least cracking force (8.965 N), which was
widely followed by the African yam bean is (24.285 N);
while the bambara nut pod had the highest cracking
force (35.37 N).

Despite  the  above-mentioned  research
accounts, and increase in groundnut production in
Nigeria, there is still a dearth of information on the
mechanical properties of SAMNUT 11 kernels, which
will be helpful in modification of existing processing
and storage systems. Therefore, the objective of this
study was to determine the effect of loading rate,
loading orientation and kernel size on the average
rupture force, rupture energy, toughness, and rupture
power of SAMNUT 11 kernels in order to provide
useful data for the design and fabrication of new
groundnut processing equipment.

MATERIALS AND METHODS
Study Setting

This study was carried out at the Research
Farm of the Delta State Polytechnic, Ozoro, Nigeria.
The area is located at Latitude 5°32 N and 5°33 N and
Longitude 6°14 E and 6°15 E in southern Nigeria.
During the experimental period, the average
temperature of the area was 28 °C, according to data
obtained from the school metrological station.

Soil analysis was conducted on soil samples
randomly collected from the experimental area where
the groundnut was planted. The physicochemical
analysis of soil samples was done in accordance with
standard recommended procedures [17, 18], and the
results are presented in Table 1.

Table-1: Physicochemical properties of the study area soil sample

Parameter Unit Level
Particle size distribution

Sand % 40.3
Silt % 35.6
Clay % 24.1
Chemical analysis

Soil pH 7.75
Total nitrogen (mg/kg) 4.119
Available Phosphorus (mg/kg) 9.137
Copper (mg/kg) 4911
Nitrate (mg/kg) 8.223
Sodium (mg/kg) 450.748
Extractable Potassium (mg/kqg) 687.585
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Plant of Interest

SAMNUT 11 kernels, a high yield groundnut
variety were obtained from ICRISAT, Kano State,
Nigeria, was used in this study.

Groundnut Cultivation

The kernels were planted in the research farm
of Delta State Polytechnic, Ozoro, under organic
farming method. Poultry waste and other organic
materials were incorporated into the soil four weeks
before the groundnut were planted. This is because
groundnut does not respond well to direct fertilization
[3]. During the growing period, disease outbreak was
not registered on the farm. The groundnut was
harvested at full maturity age, i.e. when about 80% of
the kernels were plump and showed their true colour

[3].

Samples Collection and Preparation

The groundnut samples were harvested at
maturity age, sun-dried on a platform for three days
before threshing, to remove the pods from the plants.

TIXLXW XT
6
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Then the pods were separated from foreign materials
and shelled manually to obtain the kernels. In other to
achieve uniform lower moisture content, the kernels
were again sun-dried for another eight days. Lastly, the
sun-dried kernels were inspected manually to remove
pest-infested kernels, premature kernels and other
contaminants.

Physical Characteristics Determination

The physical characteristics of the selected
groundnut kernels were determined at the agricultural
and bio-environmental engineering laboratory, Delta
State Polytechnic, Ozoro, Nigeria. Each kernel principal
dimensions (Length (L), width (W), and Thickness (T))
were measured with a digital vernier caliper, having
accuracy of 0.01 mm. These dimensional values were
used to determine the size and calculate the volume of
each individual kernel. The kernels were categorized
into large, medium and small sizes as presented in
Table 2. The kernel volume (V) was calculated using
Equation 1.

Table-2: Groundnut kernels size classification

Variety
Small
SAMNUT 11 | L <135
W <8.5
T<75

1)
Size (mm)
Medium Large
13.5<L.<23.5 | L>23.5
85<W<135 | W>135
75<T<10.5 | T>10.5

Mechanical Properties Determination

The quasi-static compression tests of the
SAMNUT 11 groundnut kernels were done at the
Material Testing Laboratory of the National Center for
Agricultural Mechanization (NCAM), llorin, Kwara
State, Nigeria. The Universal Testing Machine
(Testometric model, series 500-532) equipped with a 50
KN compression load cell and integrator, with
measurement accuracy of 0.001 N was employed to
carry out the mechanical test of the groundnut kernel.
During the quasi-static compression test, one kernel was
placed at a time under the flat compression tool of the
Universal Testing Machine, as shown in Figure 1, and
compressed a pre-determined speed. A force-
deformation curve was plotted automatically by the
machine in relation to the response of the sample to
compression loading [19]. At the end of each test, the
following mechanical parameters (rupture, energy and
deformation at rupture point) of the sample were
calculated were automatically calculated by the
integrator of the machine and read from the computer
screen. The test was done for three loading rates (15, 20
and 25 mm/min), three kernel sizes (small, medium and
large), and three kernel orientations (X, Y and Z axes).
As recommended by ASABE [20], the mechanical tests

were replicated 20 times, and the mean values were
recorded.

As shown in Figure 2, the Y -axis is in the
plane containing the suture line; X - axis is the plane
perpendicular to the suture line, while Z-axis is the
longitudinal axis through the suture [21, 22].
SAMNUT 11 groundnut kernel has the complex non-
isotropic system, just like other agricultural products; its
size and shape changes continually during compression.
Therefore, it is practically difficult to characterize it by
simple constants (e.g. stress); consequently, it is
necessary to introduce some concepts such as “rupture
point” in characterizing it [23, 9].

Rupture point of the material correlates to the
macroscopic failure of the sample Steffe [24]. The
toughness of a groundnut kernel was the energy
absorbed by groundnut kernel up to the rupture point; it
was calculated as the rupture energy divided by the
kernel volume, as shown in Equation 2 [25, 26].
Rupture power required to rupture the kernel was
calculated using Equation 3, and the volume of the
kernel was calculated using equation 4.

T, =7 0
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V= nxL);WxT (@)
Where:

T, = Toughness (mJ/mm?),

E = Rupture energy or energy absorbed by the kernel
(Nm),

V = Volume of the kernel (m®),

P = Power (W),

S = Compression speed (mm/min),

L = length of the kernel (mm),

W = width of the kernel (mm),

T = Thickness of the kernel (mm).

B
Fig-1: A SAMNUT 11 Groundnut Kernel Undergoing Quasi
Static Compression Loading

Suture Y

Fig-2: Representation of the Three Orientations of the Groundnut
Kernel
Source: Bagheri et al. [22]

Experimental Design and statistical analysis

A 3 x 3 x 3 factorial experiment in a
randomized complete block design (RCBD) was
employed to this study. The three loading rates, three
loading orientations and three kernels sizes were the
main factors of the experiment. The loading rate range
(15 mm/min — 25 mm/min) and loading orientations
were selected based on a literature review [12, 22, 27]
and initial laboratory tests. The data obtained from this
study were subjected to statistical analysis using the
Statistical Package for Social Statistics (SPSS version
20), and Duncan's Multiple Range Test (DMRT) was
used to compare the mean at (p < 0.05).

RESULTS AND DISCUSSION

The Analysis of variance (ANOVA) of the
effects of loading rate, kernel size and loading
orientation on the mechanical behaviours of the
groundnut kernels are presented in Table 3. As shown
in Table 3, loading rate, loading orientation and kernel
size had a significant effect on the rupture force,
toughness and power of the groundnut kernel at 95
percent confidence level. The average values of rupture
force, at different loading rates, kernel sizes and loading
orientations with their Duncan's Multiple Range Test
are presented in Table 4.

Table-3: ANOVA table of effects loading rate, kernel size and loading orientation on the mechanical behaviours of
the groundnut kernels

Source of variation df Rupture force Rupture energy Toughness Rupture power

L 2 1.58E-36* 6.77E-03* 1.67E-35* 3.99E-15*

0] 2 1.61E-26* 0.23447"™ 1.05E-16* 5.10E-15*

S 2 5.87E-32* 0.13769 ™ 1.51E-37* 6.16E-14*

LxO 4 7.34E-08* 0.38234™ 1.01E-15* 4.43E-03*

LxS 4 2.16E-06* 0.35912"™ 8.54E-25* 0.58449"™

Sx0 4 3.09E-02* 0.38277™ 1.08E-03* 2.34E-03*
LxOxS 8 9.68E-02* 0.29506 "™ 9.66E-20* 9.59E-04*

L = loading rate; O = orientation; S = size; * = significant at p < 0.05; ns = non-significant
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Table-4: Effects of loading rate, size and loading orientation on rupture force, rupture energy, toughness and
rupture power of SAMNUT 11 kernels

Loading size Orientation Rupture force | Rupture energy Toughness Power (W)

rate (N) ) (mJ/mm?®)

25 Large X-axis 45.00%(4.88) 0.053%(0.004) 0.024°(0.001) 0.114°(0.007)

Y-axis 34.93°(2.99) 0.042%(0.005) 0.018°(0.001) 0.116%(0.002)

Z-axis 31.42°(1.40) 0.035%0.006) 0.015%0.003) 0.105°(0.011)

Medium X-axis 35.37%(4.20) 0.042%(0.004) 0.051°(0.004) 0.108°(0.003)

Y-axis 29.05°(1.84) 0.032%(0.001) 0.039°(0.001) 0.104%(0.003)

Z-axis 23.28%(1.89) 0.027%(0.001) 0.033%0.001) 0.099°(0.003)

Small X-axis 23.80%(1.52) 0.029%(0.002) 0.083°(0.006) 0.104°(0.008)

Y-axis 17.52°(2.45) 0.024%(0.003) 0.070°(0.007) 0.090°(0.009)

Z-axis 13.01°(1.18) 0.020%(0.002) 0.059%(0.006) 0.076%0.007)

20 Large X-axis 77.49%(2.86) 0.093%(0.005) 0.044°(0.002) 0.125°(0.011)

Y-axis 59.46°(5.98) 0.079%(0.008) 0.037°(0.004) 0.122°(0.004)

Z-axis 49.03°(7.08) 0.059%(0.015) 0.028%(0.007) 0.087%(0.019)

Medium X-axis 55.31%(4.33) 0.072%(0.008) 0.087(0.009) 0.116°(0.009)

Y-axis 36.28°(3.96) 0.045%(0.004) 0.054°(0.005) 0.093°(0.004)

Z-axis 34.63%(3.81) 0.042°(0.005) 0.050%(0.006) 0.093%(0.008)

Small X-axis 37.41%(4.26) 0.047%(0.005) 0.030°(0.016) 0.112°(0.006)

Y-axis 29.11°(2.04) 0.033%(0.004) 0.094°(0.012) 0.086°(0.004)

Z-axis 23.10%2.62) 0.028%(0.001) 0.082%(0.002) 0.082%(0.002)

15 Large X-axis 94.31%(4.72) 0.116°(0.007) 0.055°(0.003) 0.095°(0.002)

Y-axis 78.63°(0.66) 0.093°(0.002) 0.044°(0.001) 0.090°(0.003)

Z-axis 62.69%(2.95) 0.083°(0.006) 0.040%(0.003) 0.092%(0.004)

Medium X-axis 80.22%(2.10) 0.096°(0.005) 0.116°(0.006) 0.092°(0.001)

Y-axis 61.86°(3.30) 0.632°(0.024) 0.100°(0.009) 0.089°(0.001)

Z-axis 44.12°(3.36) 0.054°(0.005) 0.066%(0.006) 0.072a(0.004)

Small X-axis 60.45%(1.49) 0.081°(0.005) 0.233°(0.015) 0.089°(0.002)

Y-axis 42.48°(1.96) 0.051°(0.006) 0.147°(0.016) 0.070°(0.004)

Z-axis 36.14%(3.56) 0.044°(0.002) 0.127%(0.006) 0.068%(0.003)

Standard deviation values are in the parenthesis; in the same column, means with the same common letters in
superscripts are not significantly different (P < 0.05) using Duncan’s Multiple Range Test

Effect of loading rate, loading orientation and kernel
size on the rupture force

From the data in Table 4, the average force
required to rupture the kernels decreased with an
increase in loading rate, and decreased in the sizes of
the kernel. On the average, large kernels required about
38% greater force to rupture when compared with the
small kernels, in the three axes tested. The highest
rupture force (94.31 N) was obtained for the large
kernel on the X-axis at the loading rate of 15 mm/min.
Similar results were obtained by Ince et al. [28] and
ljabo et al. [16] for groundnut (other culivars) and
bambara nut. According to ljabo et al. [16], a cracking
force of 45.13 N was recorded when a groundnut (local
cultivar) kernel was loaded along the plane containing
the suture line (helium position). In addition, ljabo et al.
[16] reported a cracking force of 34.80 N for Bambara
nut, when loaded along the plane containing the suture
line, at a moisture content of 4.6% (dry basis). Ince et
al. [28] reported that the highest rupture force (122.76
N) was observed when a peanut kernel was loaded
along the X — axis (the plane perpendicular to the suture
line). The disparities in the rupture (cracking/fracture)

force obtained for the groundnut can be attributed to
local climatic condition, soil condition, harvesting
period, farming method and the groundnut cultivar.
According to Iweka and Uguru [6] and Uguru et al. [9],
the mechanical properties of agricultural products are
highly dependent on the crop cultivar, farming method
employed during the growing period, harvesting time,
storage and processing condition, the local climate of
the region, maturity stage of the crop, and insect and
pests attacks on the crops. Demir et al. [29] observed
significant difference on some engineering properties of
tomato (Lycopersicon esculentum) planted under
different environmental conditions. Furthermore,
Kilickan and Guner [30] reported that the rupture force
of the olive fruit increased in magnitude with an
increase in fruit size. Bahrami et al. [31], stated that the
force required initiating Oak marble galls rupture along
the Y and X axes were as 236.44 N and 201.78 N,
respectively. On the contrary Olaniyan and Oje [25]
reported that the rupture force of shea butternut was
lower in axial loading position (68.647 N), when
compared with lateral loading position (89.103 N).
Rupture force of nuts and kernels is an essential
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parameter in the design and development of their
milling and crushing machines. Size reduction is an
essential unit operation during food processing.

Effect of loading rate, loading orientation and kernel
size on rupture energy

The experimental results showed that the
rupture energy of the kernels was highly dependent in
its axis, loading rate and kernels sizes (Table 4). The
greatest rupture energy required to rupture the kernels
were recorded along the X-axis (0.116Nm), for the
large kernels, at the loading rate of 15mm/min. These
results are similar to previous results obtained by ljabo
et al. [16] for bambara nut and groundnut. According to
ljabo et al. [16], an average failure energy of 0.0008
Nm and 0.00945 Nm were recorded when groundnut
kernel and bambara nut were loaded along the plane
containing the suture line, at a moisture content of 5.5%
and 4.6%  (dry basis) respectively. These result
obtained by ljabo et al. [16] was much lower when
compared to our result (0.093 Nm). These differences
could be attributed to the loading speed, crop type,
loading rate, moisture content, kernel size and
mechanical testing condition (sensitivity of the
machine, temperature and relative humidity). Kilickan
and Guner [30] stated that the rupture energy of the
olive fruit increased in magnitude with an increase in
deformation rate and size. According to their results, the
fruit X-axis recorded the highest rupture energy (0.32
Nm), while the Y-axis recorded the lowest energy (0.26
Nm). Braga et al. [21] studied the effects of nut size and
loading position on the force, specific deformation and
energy required for the initial rupturing of macadamia
nut shell under compression. Their results showed that
there is a particular compression position at which the
force, specific deformation and energy values are
minimal, independent of nut size and shell moisture.
Furthermore, the results of Oghenerukevwe and Uguru
[27] on mechanical properties of gmelina fruit showed
that the rupture energy of the gmelina fruit under
vertical loading was lower than under horizontal
loading, and as the gmelina fruit size increased from
small to large, its average rupture energy increased
from 0.899 Nm to 1.475Nm.

Effect of loading rate, loading orientation and kernel
size on Toughness

From the results, the toughness of groundnut
kernels decreased along the X, Y and Z- axes in the
three loading rates. Additionally, the toughness
decreased with an increase in kernels size across its
three axes; in a relationship that was significant at a
95% confidence level. The kernels toughness at the X-
axis was highest among the three axes (Table 4),
portraying that more energy was absorbed by the
kernels at the X-axis before they ruptured. The higher
values of the toughness of smaller kernels than larger
kernels can be attributed to their body mass and density
differences. According to Fricke and Wright [32], small
seeds usually had the highest tissue densities across all

crops species; therefore, seed toughness strongly
decreases as its mass increases. In research into
mechanical properties of 70 species of crops and trees
seeds, Fricke and Wright [32] reported that smaller
seeds had higher specific toughness (2340 times
greater) than larger seeds, in one of their measures.
Similarly, Ahmet Ince et al. [28] reported that peanut
kernel toughness increased from 0.022 to 0.032
mJ/mm? as the kernel size decreased from large to small
size.

Effect of loading rate, loading orientation and kernel
size on the rupturing power

From the ANOVA table, the kernels size and
loading rate had a significant effect (P <0.05) on the
rupturing power of the groundnut kernels. The values of
rupture power values of the kernels presented in Table 4
shows that, the X- axis had the highest value than those
for both the Y- and Z-axis. According to Altuntas et al.
[11], the power required to crack almond nut measured
while loading along X- axis ranged from 0.20 W to 0.73
W “Nonpareil’, 0.20 W to 0.67 W ‘Picantili’ and 0.18
W to 0.65 W ‘Drake’ cultivar, respectively.
Furthermore, Khazaei et al. [33] reported the rupturing
power required rupturing an almond increased with
increasing almond dimension, but the difference was
not significant between big and medium almonds.
Results obtained from this study showed that loading
rate, the kernels orientation and size of groundnut
kernels should be considered while designing groundnut
processing machine. Based on the findings of this study,
it is will be better to mill the groundnut kernels higher
speed (loading rate), to conserve energy and power
during the million operations. In addition, it can be seen
from the results that the smaller kernel will consume
lower power during groundnut oil production, when
compared to the larger groundnut kernels.

CONCLUSION

In this study, the effect of loading rate, kernel
orientation and kernel size on the mechanical behaviour
of groundnut kernels “cv. SAMNUT 11”7 was
investigated. The results obtained from the study
indicated that the rupture force, rupture energy,
toughness and rupture power were significantly
dependent on the compression loading rate. According
to the results, the rupture force, rupture energy and
rupture power of the groundnut kernels increased with
decrease in the loading rate. From the above results, the
rupture force increased with increase in the size of the
kernel; but decreased with decrease in the size of the
kernel. In addition, the force energy required at rupture
point for large-size groundnut kernels were higher in
the X - axis than in the Y-axis and Z- axis. The
toughness of the groundnut Kkernels increased in
decrease in the size of the kernel, when tested using all
the compression axes Furthermore, greater power was
required to rupture large groundnut kernels in the three
axes tested in this study. Based on the findings of this
study, it is will be better to mill the groundnut kernels
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higher speed (loading rate), to conserve energy and
power during the milling operations
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