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Abstract. The mechanical properties related to the failure of
Caragana korshinskii Kom. branch is critically important for the
design of stem crushers. This paper studies Caragana korshinskii
Kom. branch, focusing on shear and transverse compression tests.
When the external load surpasses the strength limit, the internal
structure of Caragana korshinskii Kom. branch undergoes dam-
age and cracking. As cracks accumulate, expand, and fuse, CKB
deforms and fractures. The failure process is characterized by
elastic, elastoplastic, and plastic fracture, indicating that the yield
strength varies. The sampling position and moisture content sig-
nificantly influence the maximum shear strength and compressive
strength, with the sampling position being particularly impactful.
Shear and transverse compression tests illustrate the development
process of CKB. Additionally, second-order response models for
the relationship of the CKB moisture content, sampling location,
and loading rate with shear strength and compressive strength
were constructed. The p-values of the models were all less than
0.01, with determination coefficients exceeding 0.98, adjusted
determination coefficients over 0.96, and coefficients of variation
being 8.78 and 6.51%, respectively. Furthermore, the shear failure
range spanned from 37.25 to 158.94 MPa, and the compression
failure range extended from 12.32 to 63.93 MPa. In summary, to
achieve effective chopping of CKB, the applied force must exceed
the maximum shear strength of 158.94 MPa and the compressive
strength of 63.93 MPa.
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1. INTRODUCTION

Caragana korshinskii Kom. branch (CKB) is a primary
shrub for vegetation restoration in arid areas and is also an
ideal biomass energy crop with the characteristics ofhigh cal-
orific value and strong germination ability (Wang et al.,2020;
Long et al., 2020; Zhao et al., 2021). To ensure the vigorous
growth of CKB, pruning is required every 3-5 years (Xu et
al., 2020; Gao et al.,2021). This will result in accumulating
a substantial amount of CKB, increasing the risk of for-
est fires. In Inner Mongolia, the stubble area of Caragana
korshinskii Kom. in 2023 was 9.6x10° m?, with a CKB har-
vest volume of 4.5 kg m” (wet). The market price of CKB
powder (crushed CKB) is 1.2 yuan (kg)”', and the total
output value can reach 52 billion yuan. Effective crush-
ing can expedite the resource utilization of CKBs, thereby
enhancing economic benefits. Understanding the mechani-
cal properties of CKB is crucial for selecting appropriate
crushing methods, studying crushing mechanisms, and
developing effective crushing equipment for post-harvest
processing.

Crushing is an essential link in the resource utilization
of agricultural waste and serves as a robust guarantee for
enhancing the quality and economic benefits of waste-
derived products (Gunaratne et al., 2020; Mollnitz et al.,
2020; Khodier et al., 2021). Mechanized crushing rep-
resents an inevitable trend and an essential step for the
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high value-added recycling of CKB; however, it current-
ly faces such issues as low crushing efficiency and high
energy consumption. Research indicates that the physical
and mechanical properties of crop stems form the founda-
tion for the development of agricultural machinery (Aydin
and Arslan, 2018; Wang et al., 2020). Ray and Bret-Harte
(2019) conducted experiments on the viscoelastic bending
behaviour of shrubs, furthering the understanding of plant
stem mechanics. Zhao et al. (2024) employed a state-of-
the-art microcomputer-controlled universal testing machine
to examine the tensile, compression, bending, and shear
properties of poplar branches, offering crucial data for
improving the design of pruning and crushing machinery.
Zhang et al. (2024) investigated the static mechanical
properties of Salix salix and Caragana korshinskii Kom.
They measured twelve elastic constants for both species
using electrical methods and confirmed that these con-
stants align with the orthotropic model. Li et al. (2024)
examined Caragana korshinskii Kom. to analyze its
mechanical properties in both transverse and along-grain
directions under dynamic impact loads. They developed
a stress-strain curve to define the cutting behaviour of
Caragana korshinskii Kom., establishing a foundational
model. Numerous factors influence the mechanical prop-
erties of stems. Wang et al. (2021) studied the tensile,
shear, and bending mechanical properties of Salix psam-
mophila branches during winter dormancy, analyzing the
impacts of branch length, diameter, and chemical composi-
tion on these properties, and identified shear force as the
type of external force most likely to damage the branches.
Qiu et al. (2019) measured the mechanical properties of
CKB in various parts and growth stages, including tensile
strength, shear strength, and elastic modulus. These studies
provided a quantitative analysis of the mechanical proper-
ties of CKB but did not explore the failure process under
stress or the impact of moisture content. Furthermore, as
a critical factor, moisture content significantly influences the
mechanical properties of crop stems, garnering considerable
attention from scholars (Okyere ef al., 2022). Christensen-
Dalsgaard and Ennos (2012) experimentally demonstrated
that woody plants subjected to drought conditions exhibit,
on average, stiffer and stronger stems compared to those
grown in normal water supply conditions. Kumar et al.
(2023) analyzed the bending stress, elastic modulus, and
cutting energy of cotton stalks. Boydas ez al. (2019) inves-
tigated the effects of moisture content, internode area, and
bevel angle on shear stress, specific shear energy, bending
stress, and elastic modulus of hop stems during bending.
Both shear stress and specific shear energy decreased as
moisture content decreased. Both bending stress and elas-
tic modulus decreased with increasing moisture content.
The cutting strength of hop stems significantly decreased
with increasing moisture content. Moisture content had
a highly significant impact on the cutting strength of Marco
Polo. The optimal cutting parameters for hop stems were

identified as fresh samples, a 100 mm min™ cutting speed,
and a sliding cutting mode (Yang et al., 2022). In sum-
mary, domestic and international scholars have extensively
researched the physical and mechanical properties of plant
stems, thereby informing the design and process analy-
sis of agricultural machinery and equipment (Chen ef al.,
2023). However, the structure of CKB is complex, and their
texture is relatively hard, necessitating further research to
enrich the understanding of the mechanical properties of
failed stems.

This study investigates the mechanical properties
associated with the cutting failure of CKB. Shear and trans-
verse compression tests were conducted using CKB as the
research subject. The response surface methodology was
applied to analyze the impact of moisture content, sampling
location, and loading speed on the shear and transverse
compression properties of CKB. A second-order response
model was developed to describe the relationship between
individual factors (moisture content, sampling location,
loading rate) and their interactions on the shear and trans-
verse mechanical properties. This study analyzes the effects
of both individual factors and their interactions on the
shear and transverse compression properties, offering theo-
retical insights for the optimization of the CKB chopping
technology.

2. MATERIAL AND METHODS

Figure 1 illustrates the chopping effect on CKB,
revealing an uneven material texture and poor chopping
performance. Investigating the mechanical properties of
CKB is crucial for enhancing crushing efficiency. Research
indicates that, during chopping, CKB are predominantly
influenced by shear force and lateral extrusion force (Liang
et al., 2020). Consequently, this study focused solely on
evaluating the shear and transverse compression mechani-
cal properties of CKB.

In August 2023, CKB samples were collected from
Helinger County, Inner Mongolia, China (40°9'36"E,
111°48'N). Straight-stemmed plants with healthy growth,
minimal branching, few signs of disease or pests, and no
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Fig. 1. Distribution of CKB post-crushing.
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Fig. 2. Sample and scheme of the CKB test: a) sampling location, b) shear test samples, c) shear test d) cutting tool 2D diagram.
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Fig. 3. Sample and scheme of the CKB test: a) sampling location, b) compression test sample, ¢) compression test.

visible damage were randomly selected. The CKB strips
were cut 5-10 cm above the ground surface, wrapped with
cling film to prevent water loss, and transported to the labo-
ratory. Statistical analysis of the basic parameters of CKB
showed that the maximum value of CKB height was 1.8 m,
and the minimum value was 0.9 m. The average height
of CKB was 1.2 m, and the diameter ranged from 5.34 to
12.21 mm. Cutting off the lateral branches and leaf buds
and measuring the moisture content at the bottom cut of
the CKB strips with the DHG-9140A electric thermostatic
blast drying oven (temperature control accuracy: 0.1°C),
the moisture content of the fresh CKB was 42.21+1.5%.
The density of the CKBs was 984.70 kg m™, measured by
the overflow as a volumetric method.

The main branches of the CKB material were divided
into upper, middle, and bottom, from which specimens
were prepared. Figure 2 presents the shear test specimen

Table 1. Statistics of sample diameters

and corresponding test equipment. The shear test specimen
had a length of 90+£0.5 mm (Fig. 2a, b). The shear blade
was made of 75Cr1, a material known for its high hardness,
with dimensions detailed in Fig. 2¢, d. Figure 3a, c illus-
trates the compression test specimen and the instrument.
The compression test specimen had a length of 20+0.5 mm.
Stem nodes were carefully avoided during the sample
preparation process. The diameters of the test samples were
statistically analyzed, as presented in Table 1.

Due to the high moisture content of harvested CKB,
which can clog crushing machinery, drying is required.
To investigate how moisture content affects the failure
mechanics of CKB, this study varied the moisture content.
The method for modulating the moisture content is as fol-
lows: Place the sample in an electric blast drying oven and
dry it for 8 h at 103+2°C. Select and weigh several samples
every 2 h, comparing their masses. If the relative change is

Types Shear sample Compression sample

Sampling location Upper Middle Bottom Upper Middle Bottom
Maximum values 8.51 10.12 11.28 9.47 9.93 11.90
Minimum value 7.03 7.78 9.64 7.92 8.59 10.02
Average value 7.73 8.27 10.29 8.48 9.29 10.57
Standard deviation 0.44 0.49 0.50 0.46 0.31 0.50
Variation coefficient (%) 5.72 5.42 4.82 543 3.33 4.78
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Table 2. Technical parameters of the SDJF-20KN universal test-
ing machine

Parameter Value/unit
Test distance accuracy 0.IN
Test force accuracy +0.5%

Sensors Built-in pressure sensor

Test speed range 0.005~500 mm min™!

Power range 0~20 kN
Test distance range 0~600 mm
Operating temperature 10~35°C

within 0.5%, the sample is deemed completely dry. Soak
the dried sample in clean water for 72 h, and then store it
in a refrigerator at 4°C until the water is evenly absorbed.
Adjust the test moisture content according to the desired
gradient using an electric blast drying oven set at 60+2°C.

Following the completion of moisture content modula-
tion, referring to GB/T 1935-2009 and GB/T 1937-2009
standards for wood and timber and test procedures, CKB
were tested in shear and compression tests using the SDJF-
20KN universal testing machine (SDJF-20KN, Zhuodi
Instrument and Equipment (Beijing) Co., Ltd). Table 2
shows the technical parameters of the equipment. The
test machine mainly consists of a support indenter, trans-
ducer, and control system, as shown in Fig. 3a. For the
test, the specimen is placed on the support, and the upper
indenter is adjusted so that when the upper indenter is in
contact with the specimen, it moves downward at the speed
required for the test. Then, the upper indenter was adjusted
to move downward at the speed required for the test when
the upper indenter was in contact with the specimen. The
computer records the pressure-deformation curve in real
time. When the curve’s pressure value (longitudinal coor-
dinate) shows a sudden change, the specimen has cracked,
and the loading stops. Higher loading rates can increase the
material’s strength and stiffness, whereas lower rates may
better reflect the real-world conditions or the stalk’s long-
term performance (Muzamil ef al., 2016). Additionally, to
account for the loading rate and ensure operational safety
of the universal testing machine, the loading speeds were
set at 10, 20, and 30 mm min™, respectively.

To investigate the factors influencing the mechanical
properties of CKB failure, the moisture content (A), sam-
pling position (B), and loading rate (C) were selected as
experimental variables. Using shear strength (z;) and critical
compressive strength (o,) as response variables, the shear
and compressive strengths can be determined based on
CKB and mechanical testing dimensions (Yi et al., 2020):

25
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T

where: 7; is the shear strength (MPa), F!  is maximum
shear load (N), d is sample diameter (mm).

Table 3. Experimental factors and levels

Experimental factors

Level A B c
Moisture content ~ Sampling Loading rate
(%) location (mm min™)

-1 10£2 Upper 10

0 30+2 Middle 20

1 5042 Bottom 30

Calculation formula for compressive strength of CKB
(Al-musawi et al., 2023):

4F;1}:ax
Oy =" 2

where: g, is compressive strength (MPa), £, is the maxi-
mum compressive load (N), d is the specimen diameter
(mm).

To determine the influence of various factors on the
mechanical properties of CKB failure, the moisture content
(A) of the stems was adjusted to 10, 30, and 50% using
the previously described method. Sampling positions were
categorized into upper, middle, and bottom, and the load-
ing rate (C) gradient was set at 10, 20, and 30 mm min™!
(Radmanovi¢ et al., 2021). These speed ranges align with
the guidelines set forth in GB/T 1935-2009 and GB/T 1937-
2009 (Standards GB/T 1935-2009, 2009; Standards GB/T
1937-2009, 2009; Liang et al., 2020), which address the
determination of shear and static compressive strength of
wood. This framework elucidates the mechanical behaviour
of CKB under a lower loading rate. The response surface
methodology was employed to conduct an orthogonal
experimental design using Design-Expert 11 software. This
involved seventeen test groups, each with five replications.
The experimental factors and their levels are presented in
Table 3.

3. RESULTS AND DISCUSSION

The crushing mode of CKB depends on their mechani-
cal properties. The test of failure mechanical properties of
CKB is shown in Fig. 4. Figure 4a depicts the electronic
universal testing machine. Figure 4b illustrates the frac-
ture failure of the shear test specimen, showing a distinct
gradual fracture of cellulose. Figure 4c depicts the failure
of CKB under transverse compression, revealing the crack
extension phenomenon. This observation is comparable to
the compression process observed in cotton stalks (Zhao et
al., 2023).
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Fig. 5. Shear load displacement curve of CKB: a) shear force, b) compression force.

A sample of shear and compression test data was select-
ed to analyze the trends in the force-displacement changes.
Figure 5a presents the force-displacement curves from the
shear test. Initially, the curve shows nonlinear growth, with
the shear force increasing as the displacement rises. As the
displacement continues, the shear force transitions to linear
elasticity. During the yield stage, the deformation acceler-
ates while the load increases more slowly until reaching its
peak, indicating CKB failure. Post-fracture, the deforma-
tion increases and the shear load fluctuates due to vascular
bundles in the xylem approaching their fracture limit and
a gradual reduction in shear strength. The load-deflection
diagrams of CKBs indicate they behave similarly to elastic-
plastic materials, exhibiting both elastic deformation and
yield fracture stages.

Figure 5b shows that the maximum compressive load
of CKB reached more than 2000 N, significantly different
from the value of the maximum compressive load of can-
nabis stalks studied by Khan et al. (2010). The complex
woody structure of CKBs significantly increases the resist-
ance to external forces compared to the hollow cannabis

stalks. The compression process can be divided into four
stages. The initial loading stage is where the deforma-
tion is less sensitive to force. The reason may be that the
phloem is dewatered and deformed and closely associated
with the xylem, and smaller forces are not enough to cause
damage to the CKB. As the compression test proceeded,
the load increased linearly with the deformation, indicat-
ing that the CKB strips were gradually densified under the
force and showed compressive properties. As the deforma-
tion continued to increase, the compression force tended to
increase and then decrease, possibly due to the increase in
the compression load, which reached the maximum bear-
ing capacity of the CKB. The CKB crushed, leaving the
remaining vascular bundles to bear the force exerted on the
specimen, so the compression load decreased sharply. The
specimen then regained its compressive capacity, and with
the gradual increase in the compressive load, the CKBs
entered the compression strengthening stage, and the test
was terminated.
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During each shear and compression process, the damage
and cracking of the internal structure of CKB occurs when
the external load exceeds the strength limit. CKB under-
goes deformation and cracking, developing from elastic
to plastic deformation with the accumulation, expansion,
and fusion of the cracks. The difference between the two
is that, under shear, the cracks gradually expand and final-
ly fracture, producing irrecoverable plastic deformation.
In the compression process, after reaching the maximum
compressive strength, with the increase in the external load,
the internal organization of CKB is gradually densified,
and the compressive strength gradually increases. From
the perspective of shear and compression forces on CKB,
the values of stem damage are not uniform. This variability
arises because the mechanical properties of the stems are
influenced by such factors as moisture content, plant matu-
rity, internode position, soil type, and temperature (Leblicq
etal., 2015).

Table 4 shows the shear and compression test results
for CKB specimens with different the moisture content (4)
and sampling position (B) under different loading rates (C).

Table 5 shows the ANOVA results of the response sur-
face test. The analysis of variance (ANOVA) module in
Design Expert 11 software was utilized. The second-order
response models of shear and compressive strengths for
different moisture contents (4), different sampling posi-
tions (B), and different loading rates (C) were developed,
and the degree of the influence of the single-factor term and
its interaction term on the mechanical properties of CKB
was analyzed.

Based on the regression ANOVA analysis of the results
of the CKB shear test shown in Table 5, it can be seen
that the single factor terms A4 (p=0.0009<0.01) and B
(p<0.0001) and the interaction term B (p<0.0001) were
highly significant factors affecting the shear strength.
The interaction term 4B (p=0.0204<0.05) significantly
affected the shear strength. The other single factor terms
and interaction terms with p>0.05 were non-significant
factors for ;. Therefore, the order of significant influences
affecting shear strength is B>A>B*>AB. Based on regres-
sion ANOVA, the second-order response model of shear
strength 7; versus the moisture content (4), sampling posi-
tion (B), and loading rate (C) was constructed as:

7,;=59.35-17.634+35.838+0.0907C —9.62AB —1.824C

-0.1511BC+6.654° +34.99B° —9.63C". &)

The p-value coefficient of the model shear strength 7; is
much less than 0.0001, with the coefficient of determina-
tion R?=0.9849, the corrected coefficient of determination
Rzadj:O.9656, the coefficient of variation C.V,=8.78%, and
the predicted coefficient of determination R%p;=0.8451.
The factors influencing the moisture content (4), sampling
position (B), and loading rate (C) are highly correlated
with the shear strength 7. They have a high correlation. If

Table 4. Experimental design and results

Renm A4 B C 7, (MPa) o, (MPa)
1 -1 1 0 158451023  63.91+3.56
2 0 0 0 50.64+1.39  27.06+3.32
3 1 0 1 47478345  24.82+1.32
4 1 -1 0 56744248 12.3242.29
5 0 -1 -1  42.98:439  17.19+4.01
6 0 -1 1 33.0445.68  16.75+3.27
7 10 1 72.8547.34  42.1442.63
8 0 1 1 123.1244.19  56.2246.85
9 30 0 0 60.6142.15  32.39+4.70
10 0 0 0 58.3044.74  32.24+2.31
nm -1 0 - 65.6146.54  39.05+4.22
12 1 0 -l 47514776 33.67+5.81
13 0 1 1 126674398  58.8945.04
14 0 0 0 64.16£5.34  33.9146.92
15 0 0 0 63.0242.98  32.24+5.26
16 -1 - 0 66.28+47.35  20.63+3.85
17 1 1 0 110.43£10.61  55.07+7.23

the non-significant factors affecting the shear strength are
neglected, the second-order response model can be simpli-
fied as follows:

rj=59.35—17.63A+35.83B—9.62AB+34.99BZ. 4)

Based on the regression ANOVA analysis of the results
of the CKB compression test shown in Table 5, it can be
seen that the single factor terms 4 (p=0.0002<0.01) and
B (p<0.0001) and the interaction term B* (p<0.0001)
were the highly significant factors affecting the compres-
sive strength. The interaction term AC (p=0.0242<0.05)
significantly affected the compressive strength. All other
single-factor and interaction terms had p-values >0.05
and were insignificant in affecting compressive strength.
Therefore, the significant shear strength influences are
B>A4>B>>AC. Based on the regression ANOVA, the second-
order response model of compressive strength o, versus the
moisture content (4), sampling position (B), and loading
rate (C) was constructed as:

0,=31.57-4.984+20.9B-1.114B-0.13554B-2.984C

—0.5563BC+2.044* +4.38B* +1.31C*. ®)

The p-value of the model compressive strength (o)) is
much less than 0.0001, with a coefficient of determina-
tion R*=0.9910, a corrected coefficient of determination
R’,;=0.9795, a coefficient of variation C.¥.=6.51%, and
a predicted coefficient of determination R%.q=0.9564. This
suggests that the factors influencing the moisture content
(4), sampling position (B), and loading rate (C) are highly
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Table 5. Regression variance analysis of the mechanical characteristic test results of cotton stalks

7, (MPa) o, (MPa)
Source df Sum of Mean Sum of Mean
squares squares Fvalue p-value squares squares Fvalue p-value
Model 9 19013.09 2112.57 50.86 <0.0001** 3920.66 435.63 86 <0.0001**
A 1 1276.25 1276.25 30.72 0.0009** 323.19 323.19 63.8 <0.0001**
B 1 1.28x10° 1.28x10° 307.43 <0.0001**  3452.27 3452.27 681.53 <0.0001**
C 1 492 4.92 0.1185 0.7408 9.84 9.84 1.94 0.2061
AB 1 370.18 370.18 8.91 0.0204* 0.5944 0.5944 0.1174 0.742
AC 1 13.23 13.23 0.3185 0.5901 35.6 35.6 7.03 0.0329%*
BC 1 10.23 10.23 0.2462 0.635 1.24 1.24 0.2444 0.6362
A2 1 254.26 254.26 6.12 0.0426* 1.84 1.84 0.3628 0.566
B? 1 4010.05 4010.05 96.54 <0.0001** 85.31 85.31 16.84 0.0046**
C? 1 322.78 322.78 7.77 0.027* 5.95 5.95 1.17 0.3143
Residual 7 290.77 41.54 35.46 5.07
Lack of Fit 3 175.59 58.53 2.03 0.2519 8.11 2.7 0.3951 0.7642
Pure Error 4 115.19 28.8 27.35 6.84
Cor Total 16 19303.86 3956.12

R*=0.9849, Adjusted R*=0.9656
C.V.=8.78%, Predicted R*>=0.8451

R*=0.9910, Adjusted R*°=0.9795
C.V.=6.51%, Predicted R>=0.9564

*Significant factor (0.01 <p < 0.05), **extremely significant factor (p<0.01), p>0.05 non-significant factor.

correlated with compressive strength (o,). If the non-sig-
nificant factors affecting the compressive strength are
neglected, the second-order response model can be simpli-
fied as follows:

z'].:31.57—4.98A+20.9B—2.98AC+4.3SBZ. (6)

In summary, the water content (4) and sampling loca-
tion (B) significantly influence both the shear strength and
the compressive strength. In contrast, the loading speed (C)
has a relatively minor effect on these properties.

a) 60 T T T
—a— A Moisture content y
—e —B Sampling location /

—A- -C Loaging rate
481 / E
7, (A)=31.56-2.414+4.744 /

g
S 36p 1
el
241 7 5(0)=31.56-1.18C+1.5C*
s N ,
< 7.(B)y=31.56-20.93B+4.26B
12 - : :
-1 0 1

Factor level

In order to better observe the trend of the influence
of different test factors on the shear strength and compres-
sive strength, two of the three factors mentioned above
were fixed at the center level 0 point to obtain the influence
pattern of another influence factor on the shear strength
and compressive strength. As shown in Fig. 6a, the shear
strength of CKB decreases significantly when its moisture
content (4) is between 10 and 30%. However, when the
moisture content (4) increases from 30 to 50%, the shear
strength of CKB rises.

b) 150

—&— A Moisture content
—® -B Sampling location
= - C Loaging rate °

1201 0,(B)= 59.43-34.73B+36,51 B

ool  =943-12844+7.684
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0,(C)= 59.43+0.78C-10.84C
30 1 1 L

-1 0 1
Factor level

Fig. 6. Effect of individual factors on the shear strength and compressive strength of CKB: a) shear strength (), b) compressive strength

(@,)-
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As shown in Fig. 6b, the trend of the effect of mois-
ture content (4) on compressive strength is quite different
from the effect of moisture content (4) on shear strength.
With the increasing moisture content (4), the compres-
sive strength showed a linear decrease trend. The reason
may be that when the moisture content (4) is low, the CKB
specimens have greater stiffness and higher load-bearing
capacity; when the moisture content (4) increases, the CKB
forms a higher expansion pressure to resist the deformation
(Li et al., 2022), resulting in a decrease in the load-bearing
capacity, which is more pronounced in the case of 50%
moisture content (4). The CKB damage pattern will also be
changed when the moisture content is too high. Therefore,
the relationship between the moisture content (4) and the
shear strength (z;) and compressive strength (o,) of CKB
was modeled as follows:

0,(4)=59.43-12.844+7.684
7,(4)=31.56-2.414+4.744" . Q)

As shown in Fig. 6a and 6b, the effect of the sam-
pling position (B) on the shear and compressive strength
of CKB is significant. When the sampling position (B) is
in the upper part of the CKB (level 1), the corresponding
shear strength and compressive strength are at the lowest.
When the sampling position (B) is in the lower part of the
CKB (level -1), the corresponding shear and compressive
strengths are the highest. The significant difference between
the two sampling positions is closely related to the CKB’s
growth structure and flat stubble characteristics. At regular
intervals, CKBs must be stubbled to ensure they thrive, and
most of the stubbled areas are the roots. Consequently, the
CKB’s bottom, which has a prolonged growth period and
a dense xylem, exhibits high hardness. The shear and com-
pressive strengths of the bottom are notably greater than
those of the upper portions. In this case, the relationship
model between sampling position B and shear strength and
compressive strength is as follows:

S
SN

Shearing strength (MPa)

0,(B)=59.43-34.738+36.518°
7,(B)=31.56+20.938+4.268" . ™

The maximum shear force of CKBs gradually decreased
as the sampling position of CKBs changed gradually from
the lower to the upper part. This study is in line with the
findings of Zhao et al. (2022) and others on the mechanical
properties of mature broccoli during growth, who con-
cluded that the closer the mature broccoli is to the top, the
lower the proportion of fibrous tissue and xylem is, which
leads to a gradual decrease in the shear force of the mature
broccoli. Igathinathane conducted a shear test on maize
stalks, and the results also showed that the bottom of the
stalk had more excellent resistance to external loading than
the middle and top of the stalk (Igathinathane et al., 2010).
In addition, such factors as the diameter of the selected
specimen and the cellulose content should be considered as
influencing factors for the variation of mechanical proper-
ties (Ma et al., 2019).

As shown in Fig. 6, the differences in shear and compres-
sive strength were evident as the loading rate (C) increased.
When the loading rate (C) increased from 10 to 20 mm min?,
the shear strength of CKB increased significantly; when
the loading rate (C) further increased from 20 to 30 mm
min~', the shear strength of CKB gradually decreased.
When the loading rate (C) increased from 10 to 20 mm
min~', the compressive strength of the CKB decreased sig-
nificantly; when the loading rate (C) was further increased
from 20 to 30 mm min™', the compressive strength of the
CKB remained unchanged. Also, the loading rate (C) has
little effect on CKB’s shear and compressive mechanical
properties. The relationship between the loading rate (C)
and shear strength and compressive strength is modeled as
follows:

{ay(C) 59.43+0.78C-10.84C"

7,(C)=31.56-1.18C+4.26C" . ©)

o
~

Compressive strength (MPa)

Fig. 7. Response surface the influence trend of interaction: a) term AB on shear strength, b) term AC on compressive strength.
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The results of regression ANOVA in Table 5 show that
the interaction term 4B significantly influences the shear
strength, i.e., the interaction between the moisture content
(4) and the sampling location (B) significantly affects the
shear strength. Therefore, this part of the analysis ignored
other insignificant interaction terms and only analyzed the
change rule of the effect of the interaction term 4C on t,.

Figure 7a illustrates how shear strength interacts with
the moisture content (4) and the sampling location (B).
When the moisture content (4) of CKB ranges from 10
to 30%, its shear strength decreases steadily with increas-
ing moisture. In contrast, when the moisture content (4)
rises from 30 to 50%, the rate of the increase in the shear
strength is less pronounced, compared to the 10-30% range.
Additionally, as the sampling location (B) moves from the
top to the root, the shear strength consistently increases.

Figure 7b shows the trend of the effect of the interaction
of the moisture content (4) and the loading rate (C) on the
compressive strength of CKB. The compressive strength
of CKB varied significantly with the change in the mois-
ture content (4). When the level was -1~1, i.e., when the
moisture content (4) of CKB strips was varied from 10 to
50%, the compressive strength of CKB tended to decrease,
the same as the results of the one-way analysis. When the
loading rate (C) was varied within the horizontal range of
-1~1, i.e., when the loading rate (C) was 10~30 mm min’,
the compressive strength of CKB tended to decrease gradu-
ally with the increase in the loading rate (C), which was the
same as the results of one-factor analysis. The compressive
strength of CKB still had a significant tendency to decrease
as both levels varied from low to high due to the effect of
both interactions.

Currently, the primary methods for straw crushing are
knife cutting and hammer striking. To achieve effective cut-
ting or crushing of CKBs, the applied external load must
exceed the shear strength and compressive strength of the
stalks. With a moisture content (4) of 10.12%, a sampling
position at the lower part (B), and a loading rate (C) of
25.27 mm min™!, the theoretical maximum shear and com-
pressive strengths are 158.94 and 63.93 MPa, respectively.
Conversely, suppose the sampling position is at the upper
part. In that case, the theoretical minimum shear and com-
pressive strengths are 37.25 and 12.32 MPa, respectively,
with a loading rate (C) of 30 mm min' and a moisture
content (4) of 46.84%. In summary, to achieve effective
chopping of CKB, the applied force must exceed the maxi-
mum shear strength of 158.94 MPa and the compressive
strength of 63.93 MPa. This consideration is crucial for
the tool’s geometric design, material selection, and motion
mode, as the tool must handle higher cutting resistance.
Strategies to address this include enhancing the sharpness
of the cutting edge, adjusting the cutting angle, and using
materials with higher hardness (Su ef al., 2024).

From the perspective of the test material, the test sam-
ples were standardized in shape and size, resulting in
relatively uniform results. However, achieving consistency
in actual samples can be challenging, potentially leading to
significant result dispersion. From a kinetic standpoint, the
cutting dynamics of CKB are complex. The shear and com-
pression tests conducted with the universal testing machine
at low speeds do not accurately reflect high-speed cutting
conditions. The universal testing machine operates at a con-
stant low speed, whereas actual mechanical equipment,
such as high-speed rotary tools, operates faster. This speed
discrepancy may result in differences in the cutting force
and the cutting mode. High-speed cutting in real conditions
can reduce the force per unit time significantly, a pheno-
menon not fully replicated by universal testing machines.
Thus, while universal testing machine results are useful,
they should be supplemented with actual equipment perfor-
mance tests and simulations for more accurate tool design
and optimization. The complexity of CKB material limits
the shear and compressive strength ranges obtained in this
study. Future research will incorporate additional test fac-
tors and a thorough examination of the microstructure to
enhance the understanding of the mechanical properties of
CKB.

4. CONCLUSIONS

This experiment focused on the stems of Caragana
korshinskii Kom. branch cultivated in Inner Mongolia
and utilized the response surface methodology to perform
shear and transverse compression tests on these stems. The
research conclusions are as follows:

1. Internal damage and cracks in the Caragana korshin-
skii Kom. branch lead to elastic deformation, evolving into
a plastic fracture with non-unique yield strength. Both the
sampling position and moisture content significantly influ-
ence the maximum shear and compressive strengths, with
the sampling position being particularly critical. Shear and
transverse compression tests demonstrate that the failure
process of Caragana korshinskii Kom. branch involves the
progression through the elastic, elastoplastic, and plastic
fracture stages.

2. Second-order response models for shear and com-
pressive strength were developed, considering the moisture
content, sampling position, and loading rate of Caragana
korshinskii Kom. branch. The p-values of these mod-
els were all below 0.01, the coefficients of determination
exceeded 0.98, the adjusted coefficients of determination
were above 0.96, and the coefficients of variation were 8.78
and 6.51%, respectively.

3. When the moisture content is 10.12%, with the sam-
pling position at the bottom and a loading rate of 25.27 mm
min', the theoretical maximum shear and compres-
sive strengths are 158.94 and 63.93 MPa, respectively.
Conversely, when the sampling position is at the top of the
Caragana korshinskii Kom. branch, with a loading rate of
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30 mm min~' and a moisture content of 46.84%, the theo-
retical minimum shear and compressive strengths are 37.25
and 12.32 MPa, respectively. Therefore, it is advisable to
perform crushing within this parameter range. In summa-
1y, to achieve effective chopping of Caragana korshinskii
Kom. branch, the applied force must exceed the maximum
shear strength of 158.94 MPa and the compressive strength
of 63.93 MPa.
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