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ABSTRACT

This paper aimed to optimize working quality and reduce energy consumption of the feeding and shearing
device of the silage harvester by making a comprehensive analysis and experiment on the longitudinal
compressing and shearing properties of the silage corn stalks. The main factors affecting the shearing energy
consumption were obtained by compressing and shearing tests on internodes and nodes of silage corn stalk.
The results of three-level and three-factor central combination experiments showed that the overall shearing
energy consumption for nodes was much higher than that for internodes. Compressing the silage corn stalk to
some extent before shearing at the loading direction of 0° and lower shearing speed was beneficial to saving
energy.
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INTRODUCTION

Silage corn has been recognized as the highest quality roughage in the world, which has been used as
basic feed for dairy cows and routine feed for beef cattle and sheep in countries with developed animal
husbandry (Chattopadhyay et al., 1999; Chen et al., 2004). Silage corn accounts for about 8% of corn acreage
in the United States and takes up about 80% of the corn planting area every year, among which France and
Germany have the largest planting area, more than half of the European planting area (Chen et al., 2012;
USDA-NASS, 2017). In China, about 78% of China’s total demand for corn is used for animal husbandry and
it's expected that by the year 2020, the demand for corn used for animal husbandry will reach more than 89.2%
(Lan et al., 2019; Cheng et al., 2019; Shinners et al., 2017). The silage corn cultivation in China is mainly
concentrated in the Northeast, North China Plain and Southwest regions (Guo et al., 2016; Li et al., 2011; Liu
et al., 2014). The silage corn planting area in the North China Plain accounts for one-third of the country (Jiang
et al., 2017; Lan et al., 2019). Summer corn is the main silage variety in the North China Plain and its stalk leaf
yield is high and the annual yield is low. According to the National Planting Structure Adjustment Plan (2016-
2020), the planting area of corn will be reduced by more than 3.33 million ha approximately and the area of
silage corn will be increased to 1.67 million ha. That is to say, plenty of silage corn stalk as the main component
of whole-plant silage corn need to be ensilaged every year.

The purpose of silage harvesting is to cut up the silage corn stalk to a degree for easy storage and
fermentation, therefore, the longitudinal shearing process is the most critical step in silage harvesting. The
silage corn stalk needs to be compressed by a feeding device of silage harvester before shearing.
Consequently, the variation in the longitudinal shearing properties of silage corn stalk under different
compressing conditions needs to be known to understand the behavior of the material with different operations.
In this paper, the compressing and shearing tests were conducted for silage corn stalks to understand the
longitudinal shearing characteristics properties of silage corn stalk after compressing. This study was focused
on determining the shearing energy of silage corn stalk according to various compressing rates, loading
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direction and shearing speed. The purpose is to provide a scientific basis for optimizing the feeding and cutting
mechanism of the silage harvester with high efficiency and low energy consumption.

MATERIALS AND METHODS

This study is based on the existing feeding and cutting device of the silage harvester. During the silage
harvest, the corn stalks may enter the feeding device at any angle. After being grabbed and compressed under
the action of the toothed feeding roller blades, the corn stalks are cut up by the moving blades mounted on a

rotating roller of the cutting device (Lu et al., 2018). Its operating process is shown in Fig. 1.
2

Fig. 1 - Feeding and shearing process of the silage harvester
1. Silage corn; 2. Toothed feeding roller; 3. Cutting device; 4. Moving blade; 5. Stationary blade; 6. Smooth feeding roller

Therefore, we firstly compressed the internodes and nodes respectively to investigate their compressing
properties and obtained the range of loading direction and compressing rate affecting the shearing effect.
Secondly, the compressed internodes and nodes were sheared to investigate the shearing properties and the
range of shearing speeds were obtained. Finally, the Box-Behnken central composite experiments were
carried out to obtain the best work parameters for lower shearing energy consumption.
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Fig. 3 - Stalk shearing schematic diagram

Compressing process: A compressing head was used to load in the vertical direction to simulate the
feeding and compressing of the feeding roller blades with the test specimen axis consistent with the marked
direction (0°, 45° and 90°) of workbench (Fig.2) (McRandal et al., 1980; Wang et al., 2019).
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Shearing process: The crosscutting shear mode is adopted for the static shearing characteristic study.
The custom moving blade fixed by a custom fixture was mounted to a beam of the UTM with a strain-gage
load cell between them (Fig.3). In this study, perpendicular cutting was used to determine the shearing forces
of silage corn (Kanafojiski et al., 1972; Sitkei et al., 1986; Persson et al., 1987; Chen et al., 2004).

Remark 1: as for the shearing test, a force-displacement curve was recorded up from the initial contact

of the blade to the failure of the specimen, so the shearing energy was obtained using Eq.1.
1
VV=LJ F(x)dx @
where:
W is the shearing energy required, [J]; | is the displacement from initial contact to shearing off the
specimen, [mm]; F(x) is the function of the shearing force-displacement curve, [N].

Materials
Silage corn, variety Zhengdan 958 was used as test materials which was planted on May 1, 2020 and

harvested in the middle of September 2020 from Experiment Station, Shandong University of Technology,
Zibo. The fresh stalks with good growth and without holes, apparent cracks were selected. The moisture
content of stalks on the test date ranged from 62% to 66% according to GB/T 1931-2009. The second section
without node was selected as the internode specimen with a length of 90 mm~130 mm and the third node
were selected as the node specimen with a length of 200 mm (Fig.4, 5).

Tassels

Leaves —

—~  Third node
Stalks

Second section

l First section

Ground ———
Y4

Fig. 4 -Sampling position

a) Internode b) Node
Fig. 5 - Partial specimens of silage corn stalk

The cross-section of stalks can be regarded as an ellipse (Igathinathane et al., 2006). The average
dimensions of long axis (internode 24.5 mm, node 28.1 mm) and short axis (internode 18.8 mm, node 22.8
mm) were measured using digital calipers and the mean values were recorded. The compressing force and
energy of the internode and node’s short axis are higher than that of long axis in different loading forms
including sing-point, direct pressure and three-point bending (Liu et al., 2014; Wang et al., 2010; Yan et al.,
2020). Therefore, the short axis of specimens was selected as loading positions.

Compressing test

Fig. 6 shows examples of compressing processes in different loading directions. The shearing force and
energy under different compressing rates and loading directions are the focus of our study (Zhao et al., 2010;
Zhu et al., 2017).
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a) 0° for internode

b) 45° for internode

[

d)6° for node e) 45° for node; f) 90° for node
Fig. 6 - Compressing process for silage corn stalk specimen

The compressing rate is calculated using Eq.2,
|
£ = 4 x100% 2)

Where: ¢ is the compressing rate, [%]; | is the compressing displacement, [mm]; d is the diameter of the
specimen at loading direction, [mm].

The compressing force increases at different growth rates by increasing the displacement respectively
(Fig.7). On the stalk surface appears subsidence deformation and then cracks are produced at some point.
However, the force-displacement curve of 0° is obviously different from that of other directions. Segment AB
of 0° is the stage of extrusion deformation and the compressing force reaches its maximum values at point B,
while the compressing rate is about 30%. The stalk epidermis is punctured with the compressing force larger
than its damage strength. The compressing force correspondingly decreases quickly to point C, while the
compressing deformation of the stalk core is dominant.

700 o »
——90° /
600

500 / /

=

2

=3
I

N\ T0%
/ " 50% \ g
0% _—\

w

=3

=3
I

Compressing force (N)

004"

100 4

0 T T T T
0 2 4 6 8 10 12 14 16
Displacement(mm)

Fig. 7 - Compressing force versus displacement for internode of silage corn stalk
Fig. 8 shows that the heterogeneous morphology of stalks is the inner soft pith core covered with the

thick tough skin. Based on direct observation, it was possible to identify three distinct regions to explain the
deformation of the compressing process, which was similar to that of 45° loading direction.
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Fig. 8 - Compressing process of silage corn stalk internode in loading direction of 90°
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Three distinct regions of 0° loading direction can also be identified to explain the deformation which was
different significantly from the other two directions (Fig. 9).

Skin  Pith  Initial boundary of skin ~ Compressing head Initial boundary of pith
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Fig. 9 - Compressing process of silage corn stalk internode in loading direction of 0°

Shearing test

This research emphasis is on the influence of the feeding mechanisms’ operating parameters and
shearing speed on shearing consumption, rather than chopping capacity and sectional form, although there
are some evaluation indexes which are used to evaluate the effect of silage harvester, which might be one of
the main points for our future studies.

The shearing process of internode and node were showed in Fig. 10.

dL 4

a) Internode b) Node
Fig. 10 - Shearing process for silage corn stalk specimen

Box-Behnken central composite experiment design

According to the previous study, the stalks showed obvious deformation with the compressing rate of 30%.
Therefore, 10%, 30% and 50% were selected as different levels of compressing rates. The loading direction
also had a significant effect on the deformation and force, especially at the direction of 0°. Various loading
directions, selected for the shearing experiment were 0°, 45°and 90°. By referencing influences of cutter speed
on corn straw for the minimum shearing force (Guo et al., 2016), the shearing speed was varied as 50, 100
and 150 mm/min. The Box-Behnken central composite experiment was adopted with three levels and factors.
Each test group was repeated 3 times and their mean values, to reduce the random error, were applied as the
final test result.

RESULTS AND DISCUSSION

In this section, the experiment data were processed using Design-Expert 8.0.6, the matching
mathematical regression patterns were developed, the relation of salient factors was analyzed, the interaction
of each factor was discussed and the parameters were optimized and validated.

Establishment of regression models and significance test

Table 1 presents the test results on the mean shearing energy of internode and node. The shearing energy
for node is higher than internode (Zhu et al., 2017; Liu et al., 2014). Two quadratic polynomial response surface
regression models for internode and node are shown as Eq.3 and Eq.4 respectively.

W,=4.6-1.264+1598 +0.95C —0.37AB-0.44AC +0.68 BC +1514° +1.34B% +047C* 3)
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W,=819-0924+1.248 +0.83C —0.01545-0.43AC +0.645C +1.084° +0.995% +0.4C* (4)

Table 1
Program and results of test quadratic rotation-orthogonal combination
NO Compressing rate Loading Shearing speed Shearing energy (J)
’ (%) direction (°) (mm/min) Internode W1 Node W>
1 -1 -1 0 7.071 10.100
2 1 -1 0 4.827 8.095
3 -1 1 0 10.802 12.457
4 1 1 0 7.089 10.390
5 -1 0 -1 6.062 9.277
6 1 0 -1 4.874 8.482
7 -1 0 1 9.172 11.721
8 1 0 1 6.204 9.206
9 0 -1 -1 4.623 8.046
10 0 1 -1 6.618 9.407
11 0 -1 1 4.844 8.480
12 0 1 1 9.552 12.406
13 0 0 0 4.386 8.196
14 0 0 0 4.315 7.871
15 0 0 0 5.204 8.595
16 0 0 0 4.860 8.319
17 0 0 0 4.227 7.973

According to Table 2, on one hand, the p-value ( < 0.0001) of the internode model indicated that the model
was highly significant. The p-value (0.3932) of the “Lack of fit” indicated that no other major factors affected
the indicators. The determination coefficient R2 (0.9787) indicated that this model can explain more than 97%
of the evaluation index. On the other hand, the p-value ( < 0.0001) of the node model indicated that the model
was also extremely significant. The p-value (0.6838) of the “Lack of fit” meant that no other major factors
affected the indicators. The determination coefficient R? (0.9879) indicated that this model can explain more
than 98% of the evaluation index. As a result, the model for internode and node can be used to evaluate the
influence of the law of various factors on the shearing energy of silage corn stalks.

Table 2
ANOVA of regression model for shearing energy of internode and node
Internode Node
Source Sum of Df F-value P-value Sum of Df F-value P-value
squares squares
Model 63.08 9 35.70 0.0001"" 37.66 9 63.54 0.0001""
A 12.78 1 65.12 0.0001"" 6.81 1 103.36 0.0001""
B 20.15 1 102.63 0.0001"" 12.35 1 187.37 0.0001""
C 7.21 1 36.74 0.0005"" 5.45 1 82.65 0.0001""
AB 0.54 1 2.75 0.1414 9.610x10* 1 0.015 0.9073
AC 0.79 1 4.03 0.0845 0.74 1 11.22 0.0122"
BC 1.84 1 9.37 0.0183" 1.64 1 24.96 0.0016""
A2 9.59 1 48.83 0.0002"" 4.90 1 74.28 0.0001""
B2 7.56 1 38.50 0.0004"" 4.14 1 62.81 0.0001""
c? 0.93 1 4.75 0.0656 0.68 1 10.35 0.0147
Residual 1.37 7 - - 0.46 7 - -
Lack of fit 0.67 3 1.29 0.3932 0.13 3 0.53 0.6838
Pure error 0.70 4 - - 0.33 4 - -
Total 64.46 16 - - 38.12 16 - -

Notes: ““Parameter coefficient significant at a 99% confidence level; “Parameter coefficient significant at a 95% confidence level.

Guo (2016) carried on longitudinal shear characteristics properties experiment of dried corn straw and
found that the influence of shearing angel on shearing force is greater than that of shearing speed, which is
consistent with the experiment results in this paper. The optimized regression model after eliminating the
insignificant factors in the interaction terms for internode and node are shown in Eq.5 and Eq.6 respectively.

W, =4.8-1.26A+159B +0.95C +0.685C +1.534% +1.36 B2 (5)

W, =819-0.924+1.248+0.83C —043AC +0.64BC +1.08 A +0.995° +0.4C" (6)

Analysis of the effect of each factor on the response value
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The degree of influence of each factor on the model can be reflected by the size of the contribution rate
K-value, which is proportional to the size of the impact degree. The results (Table 3) showed that the sequence
of contribution rate of loading direction, compressing rate and loading speed on shearing energy for internode

was in decreasing order, while the compressing rate, loading direction and loading speed for node was in
increasing order. The calculation methods are shown in Eq. 7 and Eq.8

0 Fx1
5=1 1 (7)
1-= F>1
F
Ka=0,+0.5(0p5 + ) +0,
Ky =y +0.5(Sy + 55 ) + 50 (®)
Ke =0 +0.5(0pc +3pc) +6,.
Where:
0 is the assessment value of F-value; K is the sequence of the contribution rate.
Table 3
Analysis of the contribution rate of each factor for internode and node
Sample Response values Compressing rate Loading direction Loading speed Contribution rate
Internode Sheari 2.66 2.73 2.58 B>A>C
Node earng energy 2.43 2.46 2.83 C>B>A
Response surface analysis of internode

According to Table 3, the interactive item (BC) of the loading direction and loading speed had a significant
effect on shearing energy for the internode (p=0.0183). The effects of the other interactive items were not
significant.

3

(81}
o S
—— \
\

earing enerey(h

@

Gpearing enersy

Shearing energy())

c)

Fig. 11 - Influence of different factors on shearing energy for internode

Fig.11a showed that when the internode was compressed with the axis parallel or perpendicular to the
compressing head, the effect of the compressing rate was a little greater than other orientation. Especially, the
internode was split lengthwise with 0° loading direction and the internode became denser and easy to be cut
while compressed to some extent. Therefore, the compressing rate was 50% and the loading direction was
parallel to the compressing head, the shearing energy reached its minimum value (4.97 J). In this paper, the
effect of the reduction rate is consistent with that of other radial compressing directions studied by other authors

(Liu et el., 2014).
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Fig.11b showed the shearing energy increased slowly with increase of the shearing speed (Zhao et al.
2010). When the shearing speed was high, the impact of the moving blade was the main reason for the
increase in shearing energy. At the same time, the excessive impact caused the stalk to bend seriously and
break away from the clamp. The shearing energy decreased gradually with the increase of the compressing
rate. Therefore, it was helpful to reduce the shearing energy for internode by reducing the shearing speed and
increasing the compressing rate. The effect of shearing speed on crop shearing strength and energy is
consistent with Jiang’s research (Jiang et al., 2017).

Fig.11c showed the shearing energy changed little with the change of shearing speed at 0° loading
direction, while the effect of the shearing speed was greater at 90° loading direction. When the shearing speed
was high, the shearing energy increased rapidly with the loading direction from 0° to 90° loading direction. The
epidermis of the internode was punctured at 0° loading direction. Therefore, the shearing energy of the soft
pith was much less than that of the epidermis which was composed of cellulose and lignin, compressing at 0°
loading direction before shearing was helpful to reduce the shearing energy. lgathinathane (2010) explained
the nature of the cutting process of dried corn stalk by dividing the force-displacement into three identifiable
regions. Deviation from the reported general force-displacement characteristics will occur due to the high
moisture content of silage corn stalk, blade sharpness (Liu et al., 2011).

Response surface analysis of node

According to Fig.12, the influence of experimental factors on the shearing energy of the node was similar
to that of the internode. However, there were still some differences as the node was thicker than the internode
for the material difference between internode and node.

i
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Fig. 12 - Influence of different factors on shearing energy for node

Fig.12a showed that the effect of the loading direction on shearing energy was greater than that of the
compressing rate. The shearing energy was more easily affected by the compressing rate and decreased
gradually with the increased compressing rate at 0° loading direction. At this time, the stalk epidermis was
more easily damaged.

Fig.12b showed the interaction between the compressing rate and the shearing speed for the node was
significant (p<0.05). The effect of the compressing rate was greater than that of the shearing speed, i.e., the
shearing energy quickly decreased with the increase in compressing rate and increased with shearing speed.

Fig.12c showed the interaction between the shearing speed and the loading direction on shearing energy
for the node was highly significant (p<0.01). The shearing energy quickly rose with the increase in shearing
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speed and the shearing energy reached its maximum (12.29J) at 90° loading direction with maximum shearing
speed.
Parameter optimization and validation test

Based on the principle of low shearing energy consumption, the multi-objective optimization was carried
out to obtain the optimal parameter combination of the compressing rate, the loading direction and the shearing
speed, so the objective functions and constraints can be obtained as Eq.9,

minW, (A,B,C), minW,(A,B,C); -1<A<1, -1<B<1,-1<C<1 9)

It was concluded that the optimal parameter combinations were 36.08%, 25.4° and 73.39 mm/min. To
verify the accuracy of the optimal results, ten parallel validations were carried out while the compressing rate,
loading direction and shearing speed were chosen as 36%, 25° and 73 mm/min. It can be seen from the
comparison of results (Table 4) that the experiment values were in good agreement with the theoretical
optimal values and the relative error was both less than 4%, which confirmed that the optimized results were
correct and credible.

Table 4
Comparison of average optimal and experimental value
Project Shearing energy for internode (J) Shearing energy for node (J)
Optimal value 3.82 7.55
Average experimental value 3.97 7.81
Relative error/% 3.95 3.43

CONCLUSIONS

1. From the compressing test, the compressing force increased with increasing the displacement
respectively at loading direction of 45° and 90°, while the compressing force decreased sharply as the
compressing head pierced the epidermis of the silage corn stalk at 0° loading direction. This lower strength of
the silage corn stalk at the loading direction of 0° can be exploited advantageously to develop feeding
mechanisms.

2. From the Box-Behnken central composite experiments, the overall shearing energy consumption for
shearing off the node was higher than that for internode due to different structural properties. The significant
effects on shearing energy in a decreasing order was the loading direction, compressing rate and loading
speed for internode and the loading speed, loading direction and compressing rate for node. The optimal
parameter combinations were 36.08%, 25.4° and 73.39 mm/min.

3. In general, compressing the silage corn stalk to some extent before shearing at 0° loading direction and
lower shearing speed were beneficial to saving energy during the process of shearing off the silage corn stalk.
The reduced energy requirements of the silage corn stalk could be exploited advantageously to present new
reference for the feeding and cutting mechanisms of silage harvester.
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