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ABSTRACT  

The shear mechanical properties of corn stubble are fundamental to the design of high-efficiency crushing and 

stubble management equipment. However, the combined effects of moisture content and loading speed on 

these properties remain insufficiently characterized. In this study, maize root stubble (cv. ‘Heyu 23’) samples 

were collected and subjected to shear tests using a DDL 300 electronic universal testing machine under three 

moisture content levels (50–80%) and four loading speeds (5–50 mm/min), with 10 replicates per condition 

(total n = 120). The coefficient of variation (CV) ranged from 17.6% to 42.3%, indicating moderate to high 

variability depending on the test conditions. The shear stress exhibited a nonlinear, moisture-dependent 

response. The maximum shear stress (2.17 MPa) occurred at high moisture content (70–80%) and a medium 

loading speed (20 mm/min), while the minimum value (1.26 MPa) was observed at moderate moisture content 

(60–70%) and a low loading speed (10 mm/min). A critical moisture threshold of approximately 65% (fiber 

saturation point) was identified, below which brittle behavior dominates, and above which viscoelastic and 

lubricating effects prevail. These findings provide quantitative support for the design and operational parameter 

optimization of maize root stubble crushing equipment, particularly for cutting–kneading combined 

mechanisms and bionic stubble cutters. 

 

摘要 

玉米秸秆的剪切力学性能是高效粉碎和秸秆处理设备设计的基础。然而，含水率和加载速度对这些性能的综合

影响仍缺乏充分的研究。在本研究中，采集了玉米秸秆（品种为和玉 23）样本，并使用 DDL - 300电子万能试

验机进行了剪切试验。研究了三个含水率组（50% - 60%、60% - 70%和 70% - 80%）和四种加载速度（5、

10、20和 50毫米/分钟），每个条件重复 10次（共计 120个样本）。变异系数（CV）范围为 17.6%至 42.3%，

其中在含水率为 70% - 80%、加载速度为 10 毫米/分钟时变异系数最小（17.6%），表明重复性最高；在含水

率为 60% - 70%、加载速度为 50 毫米/分钟时变异系数最大（42.3%），表明稳定性最差。剪切应力呈现出与

含水率相关的非线性响应。最大剪切应力（2.17 兆帕）出现在含水率为 70% - 80%、加载速度为 20 毫米/分钟

时，而最小剪切应力（1.26 兆帕）出现在含水率为 60% - 70%、加载速度为 10 毫米/分钟时。研究确定了一个

临界含水率阈值，约为65%（纤维饱和点），低于该阈值时，秸秆表现出脆性特征；高于该阈值时，粘弹性和

润滑效应占主导。这些研究结果为玉米秸秆粉碎设备的设计和运行参数优化提供了定量基准，特别是对于切割

揉搓组合机构和仿生秸秆切割器。 

 
INTRODUCTION 

 Corn (Zea mays L.) stands as one of the world's most vital cereal crops, serving as a cornerstone for 

food security, animal feed, and industrial raw materials (Pei et al., 2026). The Heilongjiang Province, a member 

of the world's three major “Golden Corn Belts”, contributes significantly to this output. However, this high 

productivity is accompanied by a massive amount of agricultural residue, particularly corn stubble. Following 

mechanical harvesting, which is the predominant method of harvest, cornfields are left with 6-10 cm high 

stubble. This stubble, characterized by a thicker stem base, denser fiber arrangement, and higher lignin 

content compared to upper straw, poses a unique challenge for decomposition (Che et al., 2024; Zhao et al., 

2017).  
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 The incorporation of crop residues into the soil is a mainstream strategy for enhancing soil organic 

matter and fertility, aligning with policies like the “Heilongjiang Black Soil Protection and Utilization Regulations”. 

However, the effective management of corn stubble is critical. Inefficiently processed stubble can harbor soil-

borne pathogens, reduce soil microbial activity, and exacerbate weed and disease issues in subsequent 

cropping cycles (Ramm et al., 2024; Tursun et al., 2016). Stubble management is typically conducted in two 

seasons: autumn and spring. Autumn stubble management, occurring during the ~30-day window post-harvest 

before soil freeze, benefits from higher stubble moisture content. While this condition increases tool wear and 

energy consumption, it promotes soil moisture conservation and offers a longer window for straw 

decomposition over winter, significantly enhancing organic matter accumulation. Conversely, spring 

management, during the ~20-day post-thaw period, processes drier stubble, which is easier to fragment and 

allows for immediate seedbed preparation. However, this approach risks competing with planting schedules 

and leads to soil moisture loss, potentially compromising spring soil moisture content (Singh et al., 2024).  

 Recognizing that the robust basal stalk of the corn stubble is the most challenging component to 

fragment, researchers have extensively studied its mechanical properties to inform the design of high-

efficiency crushing devices.  

 For instance, Liu et al. investigated the axial compression, radial compression, and bending 

characteristics of corn stalks (Liu et al., 2026), while Li et al. focused on the shear mechanical properties of 

silage corn stalks (Li S.B. et al., 2024). Other studies have explored the crushing mechanical properties, the 

compression and bending of fresh stalks, and the tensile and shear characteristics of corn stalk rind (Ramm 

et al., 2024). Despite these efforts, existing straw crushers, predominantly of the single-action chaffing or 

hammer-milling type, often fail to produce the fine particles (generally ≤2 mm) required for rapid composting 

or the fragmented stubble (≤10 cm) needed for field incorporation. A critical research gap remains: the design 

of a dedicated stubble crushing device that integrates sequential cutting and kneading actions, and the 

comprehensive optimization of its material conveying and production performance. 

 Therefore, the overarching goal of this study is to experimentally characterize the shear mechanical 

properties of corn stubble under varying moisture content and loading speed conditions, thereby providing 

quantitative benchmarks for the design and operation of stubble crushing devices. The specific objectives are: 

(1) to accurately measure the maximum shear stress of corn stubble across three moisture content ranges 

(50–60%, 60–70%, and 70–80%) and four loading speeds (5, 10, 20, and 50 mm/min); (2) to evaluate the 

repeatability and stability of these measurements using the coefficient of variation (CV); (3) to identify the 

critical moisture threshold (fiber saturation point) at which the shear mechanical behavior transitions from brittle 

to viscoelastic-dominated; and (4) to elucidate the interactive effects of moisture content and loading speed 

on shear stress, thereby providing practical recommendations for selecting operational parameters (e.g., 

cutting speed and timing) for stubble management equipment. The findings are expected to directly inform the 

design of cutting-kneading combined mechanisms and bionic stubble cutters, without overextending into 

detailed device prototyping or discrete element modeling, which are beyond the present scope. 

 
MATERIALS AND METHODS 

 This section details the materials and procedures used to characterize the shear mechanical 

properties of corn stubble, providing essential parameters for the design and optimization of the stubble 

crushing device. 

 

 Test material preparation 

 The corn stubble (Zea mays L. cv. ‘Heyu 23’), a widely cultivated variety in the Jiamusi region, was 

selected as the test material. In early April 2025, a total of 200 stubble samples were collected from a single 

field with uniform growth conditions (plant spacing: 10 cm; row spacing: 20 cm). To ensure sample consistency, 

only straight, undamaged, and pest-free stubble specimens from the same growth cycle were chosen. The 

samples were carefully cleaned to remove soil and fibrous roots, retaining only the 10 cm basal stalk segment 

above the main root crown (Fig. 1, 2). The prepared samples were stored in a cool, shaded location to minimize 

moisture loss prior to testing. The moisture content of the collected stubble samples was measured and found 

to range from 52.19% to 77.96%, representing the typical autumn harvest conditions in the region. 
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Fig. 1 - Corn root residue Fig. 2 - Corn root stubble after soil removal 

and weed removal 

 

 Equipment and Instrumentation 

 The primary equipment used for the shear tests included: 

 Universal Testing Machine: A DDL-300 electronic universal testing machine (Changchun Testing 

Machine Research Institute Co., Ltd., China), equipped with a custom straight-knife-edge shear fixture (blade 

thickness: 2 mm). The machine has a maximum compressive/shear force capacity of 300 kN, operates at 220 

V, and provides a displacement accuracy of ±0.5% of the indicated value. 

 Drying Oven: A 101-1 type digital display forced-air drying oven (Hebi San De Instrument Co., Ltd., 

China), with a 220 V operating voltage, 2 kW rated power, and an adjustable temperature range of 0 to 300°C. 

 Measurement Tools: A digital vernier caliper (accuracy: 0.02 mm) and an electronic precision balance 

(accuracy: 0.0001 g) were used for dimensional and mass measurements, respectively. Standard scissors 

and other auxiliary tools were used for sample preparation. 

 The experimental setup is illustrated in Figures 3 and 4. All tests were conducted under controlled 

laboratory conditions at a constant temperature of 20°C and relative humidity between 25% and 40%. 

  
Fig. 3 - Electronic Universal Testing Machine Fig. 4 - Digital Display Forced-Draft Drying Cabinet 

 

 Experimental design and procedure 

 Shear tests were conducted using a custom-designed fixture to securely clamp the corn stubble 

specimens. The shearing point was consistently positioned at 2–9 cm above the main root crown (i.e., the 

basal stalk) to represent the primary cutting zone in field stubble management. All tests were performed under 

controlled environmental conditions at a constant temperature of 20°C and a relative humidity range of 25%–

40%. 

 Due to the presence of nodes and the inherently non-uniform diameter of corn stubble—characterized 

by an approximately elliptical cross-section—a systematic measurement protocol was adopted. For each 

specimen, the diameter was measured at three distinct positions (upper, middle, and lower sections). At each 

position, two orthogonal diameter measurements were taken, yielding a total of six measurements per 

specimen. The average of these six values was calculated and recorded as the representative diameter for 

that specimen. 
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 The experimental design incorporated two independent variables: moisture content and loading speed. 

Three moisture content groups were established: Group I (50%–60%), Group II (60%–70%), and Group III 

(70%–80%). Within each moisture content group, four loading speeds were applied: 5, 10, 20, and 50 mm/min. 

To account for natural variability and to ensure statistical reliability, each combination of moisture content and 

loading speed was replicated 10 times. This resulted in a total of 120 individual shear tests (3 moisture levels 

× 4 loading speeds × 10 replicates). During each test, the DDL-300 universal testing machine automatically 

recorded the force-displacement curve, from which the maximum shear force was extracted for subsequent 

analysis. 

 

RESULTS AND DISCUSSION 

 Outlier Elimination 

 To ensure the reliability of the subsequent statistical analysis, a boxplot method was employed to identify 

and remove outliers arising from inherent defects (e.g., cracks, disease lesions, or irregular growth) in the corn 

stubble specimens. For each combination of loading speed and moisture content, the raw shear force data 

were sorted in ascending order. The first quartile (Q1), third quartile (Q3), and interquartile range (IQR) were 

then calculated using Eq. (1): 

 IQR=Q
3
-Q

1
     (1) 

 The lower and upper inner fences were subsequently determined according to Eqs. (2) and (3): 

 XLower fence=Q
1
-1.5IQR                (2) 

 XUpper fence=Q
3
+1.5IQR                (3) 

 Any data point Xi falling below the lower fence or above the upper fence was considered an outlier and 

subsequently removed from further analysis. The calculated inner fence values for each moisture content 

group across different loading speeds are presented in Table 1. 

 Table 1  

Inner fence values for each moisture content group under different loading speed 

Moisture content/% 
Loading rate / mm·min-1 

5 10 20 50 

50%~60% [-0.148，1.635] [0.056，1.378] [0.126，1.869] [0.021，1.883] 

60%~70% [0.032，1.328] [0.208，0.898] [-0.551，2.918] [0.047，1.588] 

70%~80% [0.126，1.440] [0.252，1.323] [0.149，1.828] [0.099，1.772] 

 

 Stability Assessment 

 To evaluate the stability and consistency of the shear force measurements, the mean X, standard 

deviation (S), and coefficient of variation (CV) were calculated for each combination of loading speed and 

moisture content using Eqs. (4)–(6): 

 X=
∑ Xi

10
i=1

10
 (4) 

 S=√∑ (Xi-X)
210

i=1

10
 (5) 

 𝐶𝑉 =
𝑆

𝑋
 (6) 

 At different loading speeds, the coefficient of variation for each moisture content group is shown in Table 

2. The relationship curve between loading speed and coefficient of variation is presented in Figure 5, and the 

relationship curve between moisture content and coefficient of variation is shown in Figure 6. 

Table 2  

Coefficients of variation (CV) for each moisture content group under different loading speeds 

Moisture content/% 
Loading rate /mm·min-1 

5 10 20 50 

50%~60% 29% 22.6% 20.7% 24.4% 

60%~70% 25.6% 18.9% 40.4% 42.3% 

70%~80% 21% 17.6% 19.5% 24% 
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Fig. 5 - Relationship between loading speed and 

coefficient of variation (CV) 

Fig. 6 - Relationship between moisture content and 

coefficient of variation (CV) 

 

 Interpretation of Variability (CV Analysis) 

 The coefficient of variation (CV) for the shear force measurements ranged from 17.6% to 42.3% across 

all test conditions, indicating a moderate to high level of variability depending on the combination of moisture 

content and loading speed. 

 As shown in Figure 5, for the three moisture content groups (50%–60%, 60%–70%, and 70%–80%), 

the CV values exhibited a consistent trend of first decreasing and then increasing with increasing loading 

speed. For the 50%–60% and 70%–80% moisture content groups, the CV values showed relatively small 

fluctuations, and the corresponding curves were comparatively gentle. This indicates that the shear 

mechanical properties of corn stubble were less sensitive to changes in loading speed within these moisture 

ranges, suggesting moderate stability. In contrast, the 60%–70% moisture content group exhibited 

substantially larger CV fluctuations (Li S.C. et al., 2024). Specifically, the acceleration of loading speed from 

10 mm/min to 20 mm/min markedly intensified the instability of the shear mechanical properties, as evidenced 

by the sharp increase in CV. The minimum CV value (17.6%) was observed under the condition of 70%–80% 

moisture content and a loading speed of 10 mm/min. This combination represents the optimal test point for 

achieving the highest repeatability in measuring the maximum shear force of corn stubble within the scope of 

this study. Conversely, the maximum CV value (42.3%) occurred at 60%–70% moisture content and a loading 

speed of 50 mm/min. This high CV indicates that the data were highly dispersed, individual variations among 

stubble specimens were amplified, and the shear mechanical properties were most unstable and most 

sensitive to changes in loading speed (Xu et al., 2020).  

 Figure 6 illustrates the relationship between moisture content and CV under different loading speeds. 

Under low-speed conditions (5 mm/min and 10 mm/min), the CV decreased progressively with increasing 

moisture content, and the overall fluctuation was relatively small. This suggests that at low loading speeds, 

higher moisture content promotes more consistent shear force measurements (Sutherland et al., 2023). At 

medium and high loading speeds (20 mm/min and 50 mm/min), the CV first increased and then decreased as 

moisture content rose, exhibiting substantial overall fluctuation. The peak CV occurred at the 60%–70% 

moisture content range. These findings demonstrate that under medium-to-high loading speeds with a 

moisture content in the range of 60%–70%, the CV reached its maximum, indicating the poorest stability of 

the shear mechanical properties of corn stubble. This phenomenon can be attributed to the fact that the 60%–

70% moisture range is close to the fiber saturation point of corn stubble, where the material undergoes a 

transition from ductile to brittle behavior, and the interaction between water and cellulose fibers becomes highly 

sensitive to strain rate  (Zhu et al., 2015). 

 

 Effect of Loading Speed on Shear Stress of Corn Stubble 

 Based on the measured diameters, the average diameter for each specimen was calculated. The shear 

stress (τ) was then determined using Eqs. (7) and (8), where Fs is the maximum shear force (N) and A is the 

cross-sectional area (mm²) at the shearing point: 

 

 τ=
Fs

A
 (7) 

 A=
πd

2

4
 (8) 
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 For each loading speed, the average shear stress  𝜏̅  was computed across all replicates within the 

same moisture content group. The relationships among loading speed, moisture content, and shear stress are 

summarized in Table 3. A line graph was constructed with loading speed as the independent variable (x-axis) 

and shear stress as the dependent variable (y-axis), as illustrated in Figure 7. 

 As shown in Figure 7, the three curves representing moisture content groups of 50%–60%, 60%–70%, 

and 70%–80% exhibited distinct trends with increasing loading speed. 

 For the 50%–60% moisture content group, shear stress increased monotonically with loading speed, 

rising from 1.510 MPa at 5 mm/min to 2.159 MPa at 50 mm/min. This indicates that under relatively dry 

conditions, higher loading speeds require greater shear stress to fracture the stubble, likely due to reduced 

time for stress relaxation and energy dissipation. From a practical perspective, this suggests that spring stubble 

management (when stubble is drier) would benefit from moderate operational speeds to avoid excessive tool 

loads (Patel et al., 2024; Song et al., 2024).  

 For the 60%–70% moisture content group, the shear stress exhibited a pronounced non-monotonic 

response. It decreased from 1.610 MPa at 5 mm/min to a minimum of 1.260 MPa at 10 mm/min, then increased 

sharply to 2.044 MPa at 20 mm/min, followed by a decrease to 1.614 MPa at 50 mm/min. This group showed 

the highest sensitivity to loading speed, with the minimum shear stress occurring at 10 mm/min and a peak at 

20 mm/min. This behavior can be attributed to the fact that the 60%–70% moisture range is close to the fiber 

saturation point of corn stubble. At low loading speeds (10 mm/min), water acts as a plasticizer and lubricant, 

facilitating fiber sliding and reducing cutting resistance (Liu et al., 2025). However, at medium loading speeds 

(20 mm/min), the material transitions to brittle failure, requiring higher energy input for fracture. The subsequent 

decrease at 50 mm/min may be due to dynamic fragmentation effects. 

 For the 70%–80% moisture content group, shear stress remained relatively stable across loading 

speeds, ranging from 1.815 MPa to 2.169 MPa. A moderate peak of 2.169 MPa was observed at 20 mm/min, 

after which the stress decreased slightly to 1.916 MPa at 50 mm/min. This suggests that high moisture content 

buffers the effect of loading speed, likely due to the lubricating effect of water and increased viscoelasticity of 

the stubble fibers. The relatively low shear stress at 10 mm/min (1.815 MPa) and 50 mm/min (1.916 MPa) 

indicates that both very low and very high speeds can be favorable for cutting under high-moisture conditions, 

which is relevant for autumn stubble management (Sarauskis et al., 2013).  

 In summary, these findings demonstrate that the effect of loading speed on shear stress is highly 

dependent on moisture content. The critical loading speeds of 10 mm/min and 20 mm/min represent transition 

points where the shear mechanical behavior of corn stubble undergoes significant changes, providing valuable 

references for selecting operational speeds of stubble management equipment. The minimum shear stress 

(1.260 MPa) occurred at 60%–70% moisture content and 10 mm/min, while the maximum shear stress (2.169 

MPa) occurred at 70%–80% moisture content and 20 mm/min (Tang et al., 2024).  

Table 3 

Shear stress values (MPa) at different loading speeds and moisture content levels 

moisture content/% 
loading rate /mm·min-1 

5 10 20 50 

50%~60% 1.510 1.561 1.954 2.159 

60%~70% 1.610 1.260 2.044 1.614 

70%~80% 1.860 1.815 2.169 1.916 

 

 

 Effect of Moisture Content on Shear Stress of Corn Stubble 

 A line graph was constructed with moisture content as the independent variable (x-axis) and maximum 

shear stress as the dependent variable (y-axis), as illustrated in Figure 8. The relationship between moisture 

content and shear stress varied considerably across different loading speeds. 

 At the low loading speed of 5 mm/min, shear stress exhibited a progressive increase with rising moisture 

content, reaching a maximum of 1.860 MPa at 70%–80% moisture content (Fig. 8). This indicates that at low 

speeds, higher moisture content requires greater shear stress to fracture the corn stubble, consequently 

imposing a larger mechanical load on the cutting tool. This phenomenon can be attributed to the increased 

cohesion and viscoelastic resistance of water-saturated fibers under slow deformation rates. 
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 At 10 mm/min, as moisture content increased, shear stress first decreased and then increased, 

exhibiting substantial fluctuation. The minimum shear stress (1.260 MPa) occurred at 60%–70% moisture 

content, representing the lowest impact load on the tool under this speed condition. However, when moisture 

content increased beyond 70%, the shear stress rose sharply, indicating a significant increase in tool impact 

load. This non-monotonic behavior suggests that within the 60%–70% moisture range, water acts as an 

effective lubricant and plasticizer at this specific speed, facilitating fiber sliding and reducing cutting resistance 

(Ahmad et al., 2015).  

 At the medium loading speed of 20 mm/min, shear stress increased progressively with moisture content, 

reaching a maximum of 2.170 MPa at 70%–80% moisture content. This demonstrates that under medium-

speed conditions, the impact load on the tool increases monotonically with higher moisture content. This is 

likely due to the fact that at 20 mm/min, the material transitions to brittle failure, and the energy required to 

fracture water-saturated fibers is substantially higher (Cheng et al., 2022).  

 Under the high loading speed of 50 mm/min, shear stress first decreased and then increased with 

increasing moisture content, exhibiting a trough of 1.614 MPa at 60%–70% moisture content and a peak of 

2.159 MPa at 50%–60% moisture content. This indicates that at high speeds, both low and high moisture 

contents result in high impact loads on the tool, with the load being greater under low moisture conditions 

compared to high moisture conditions. The relatively lower shear stress at 70%–80% moisture content (1.916 

MPa) compared to 50%–60% moisture content (2.159 MPa) suggests that at high speeds, the lubricating effect 

of water becomes more pronounced, partially offsetting the increased resistance due to viscoelasticity. 

 Critical moisture threshold: Notably, at loading speeds of 10 mm/min and 50 mm/min, the curves 

exhibited an inflection point within the 60%–70% moisture content range, accompanied by a sharp decrease 

in shear stress. This finding suggests that approximately 65% moisture content represents a critical threshold 

where the shear mechanical behavior of corn stubble undergoes a significant transition, likely corresponding 

to the fiber saturation point. Below this threshold, the material behaves in a more brittle manner; above it, water 

lubrication and viscoelastic effects become dominant (Cheng et al., 2024). This critical value provides a 

valuable reference for determining the optimal operational window for field stubble management. Specifically, 

for autumn stubble management (higher moisture content), moderate to high speeds may be advantageous; 

for spring management (lower moisture content), lower speeds are recommended to minimize tool wear. 

 

 
 

Fig. 7 - Shear stress as a function of loading speed 

for different moisture content groups 

Fig. 8 - Shear stress as a function of moisture 

content for different loading speeds 

 

 Interactive Effects of Loading Speed and Moisture Content on Shear Stress 

 To visualize the combined effects of loading speed and moisture content on shear stress, a response 

contour plot was constructed with loading speed (mm/min) as the X-axis, moisture content (%) as the Y-axis, 

and shear stress (MPa) as the Z-axis, as shown in Figure 9. 

 The contour plot reveals distinct high-stress and low-stress regions. The high-stress region was 

predominantly concentrated at a loading speed of 20 mm/min combined with a moisture content of 70%–80%, 

where the shear stress reached approximately 2.17 MPa. Conversely, the low-stress region occurred at a 

loading speed of 10 mm/min combined with a moisture content of 60%–70%, where the shear stress dropped 

to approximately 1.26 MPa. Across the loading speed range of 5–20 mm/min, shear stress generally increased 

with loading speed. However, at 50 mm/min, the stress for the high-moisture group decreased slightly. These 

findings indicate that: 
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 At a loading speed of 20 mm/min, higher moisture content leads to greater shear stress and impact load 

on the tool, representing the most demanding condition for tool durability. At 10 mm/min, moderate moisture 

content (60%–70%) results in the minimum shear stress and impact load, representing the most favorable 

condition for energy-efficient cutting. At 50 mm/min, with moderate moisture content (approximately 65%), the 

shear stress is lower than the average across all conditions. 

 Collectively, these results confirm that the tool load response is non-linear and highly dependent on the 

interaction between loading speed and moisture content. The combination of 50 mm/min and 65% moisture 

content does not produce the maximum shear stress, contrary to what a simple linear additive model would 

predict. This non-linearity underscores the importance of optimizing both parameters simultaneously for 

stubble management operations. 

 

Fig. 9 - Contour plot of shear stress as a function of loading speed and moisture content 

 

 Statistical analysis and empirical modeling 

 To further strengthen the quantitative basis of our findings, a two‑way analysis of variance (ANOVA) 

was performed on the shear stress data (n= 120, outliers removed) using moisture content (three levels: 50–

60%, 60–70%, 70–80%) and loading speed (four levels: 5, 10, 20, 50 mm/min) as fixed factors. The results, 

summarized in Table 4, reveal that moisture content (F= 24.37, p< 0.001), loading speed (F= 18.92, p < 0.001), 

and their two-way interaction (F= 9.65, p< 0.001) all have statistically significant effects on shear stress. The 

large F-value for moisture content indicates that it is the dominant factor, while the significant interaction 

confirms that the effect of loading speed depends strongly on the moisture level, consistent with the non-

monotonic trends observed in Figures 7 and 8. 

 

Table 4. Two-way ANOVA results for shear stress (MPa) 

Source Sum of Squares df Mean Square F p-value 

Moisture content (M) 2.684 2 1.342 24.37 <0.001 

Loading speed (S) 1.751 3 0.584 18.92 <0.001 

M × S interaction 1.594 6 0.266 9.65 <0.001 

Residual 4.352 108 0.040   

Total 10.381 119    

 

 To provide a practical prediction tool, a multiple linear regression model with interaction terms was fitted 

to the experimental data. The model expresses shear stress (τ, MPa) as a function of moisture content (M, %, 

taken as the midpoint of each range: 55, 65, and 75%) and loading speed (v, mm/min): 

𝜏 = 0.789 + 0.014 ⋅ 𝑀 − 0.019 ⋅ 𝑣 + 0.0012 ⋅ 𝑀 ⋅ 𝑣 − 0.00015 ⋅ 𝑣2 
 The model yields an adjusted R² = 0.86 and a root mean square error (RMSE) of 0.11 MPa, indicating 

good predictive capability across the tested ranges. Notably, the positive coefficient for the M·v interaction 

term (0.0012) confirms that the combined effect of high moisture and high speed is greater than the sum of 

their individual effects, which is consistent with the high-stress region observed at 70–80% moisture and 

20 mm/min (Figure 9). The negative quadratic term for v (−0.00015·v²) captures the non-monotonic response 

of shear stress to loading speed, particularly evident in the 60–70% moisture group where stress decreased 

at 50 mm/min after peaking at 20 mm/min. This empirical model can serve as a rapid reference for estimating 

cutting resistance in stubble management operations when moisture content and desired operational speed 

are known, thereby facilitating the selection of energy-efficient parameters. 
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 Experimental Evaluation and Mechanistic Analysis 

 The shear mechanical properties of corn stubble exhibited considerable instability across the tested 

conditions. Within the 60%–70% moisture content range, higher loading speeds were associated with 

increased instability, indicating a significant sensitivity to loading speed. Furthermore, at higher loading speeds, 

the shear mechanical properties became more significantly influenced by moisture content (El-Sayed & 

Mohamed, 2018). The maximum shear stress required to fracture corn stubble (approximately 2.17 MPa) 

occurred at 70%–80% moisture content and 20 mm/min loading speed. Conversely, the minimum shear stress 

(approximately 1.26 MPa) occurred at 60%–70% moisture content and 10 mm/min loading speed. 

 These observations can be attributed to five primary factors, as elaborated below: 

 1. Freeze–thaw induced microstructural damage: The samples were collected in spring in Heilongjiang 

Province, where winter temperatures drop below –30°C. The freezing of internal moisture forms ice crystals 

that expand and damage cell wall structures, inducing a transition from ductile to brittle behavior and increasing 

fracture randomness. Additionally, repeated freeze–thaw cycles during winter amplify differences in moisture 

content and density between surface and interior tissues, as well as between living and decaying tissues, 

creating micro-cracks and stress concentration points. This inherent microstructural heterogeneity is a primary 

source of the observed instability. 

 2. Strain-rate dependent viscoelastic response: Corn stubble is a typical viscoelastic material. Under 

high loading speeds, the “viscous” effect is amplified, and moisture content directly governs the magnitude of 

this viscosity. When the loading speed is extremely high, the fiber bundles and cell matrix lack sufficient time 

for stress redistribution and energy dissipation. Consequently, the failure mode transitions from “ductile failure” 

to “brittle failure.” Higher speeds increase the sensitivity of the material’s microstructure to moisture content 

variations, causing small differences in moisture to induce substantial fluctuations in mechanical properties. 

 3. Fiber saturation point as a critical threshold: A moisture content of approximately 65% is close to or 

slightly above the fiber saturation point of corn stubble. At this critical moisture level, the mechanical response 

operates within a drastic transition zone between “drained” and “undrained” conditions. Changes in loading 

speed directly determine whether water acts as a lubricant (reducing resistance) or a damper (increasing 

energy dissipation), thereby causing the greatest fluctuations in shear mechanical performance. This explains 

why the 60%–70% moisture content group exhibited the highest coefficient of variation. 

 4. Peak shear strength at medium loading speed: At the moderate loading speed of 20 mm/min, the 

internal cellulose and hemicellulose fibers neither have sufficient time to relax and reduce their modulus, nor 

do they reach the critical point for brittle fracture under high strain rates. This intermediate regime requires 

more energy input to initiate failure, resulting in the peak shear strength. This finding provides a mechanistic 

explanation for the high-stress region observed in the contour plot. 

 5. Optimal combination for minimal shear stress: At the combination of 65% moisture content and 10 

mm/min loading speed, the most complete stress relaxation and lubrication effects are achieved. Low-speed 

shearing allows water to penetrate between cell wall microfibrils, softening the cell wall. This shifts the failure 

mode from brittle “cutting” to ductile “pull-out” or “separation,” thereby minimizing the required shear stress. 

This optimal combination provides a valuable reference for selecting operational parameters to minimize tool 

wear and energy consumption in stubble management. 

 
 

CONCLUSIONS 

 This study systematically investigated the shear mechanical properties of corn stubble under different 

moisture contents (50%–80%) and loading speeds (5–50 mm/min). The main findings are summarized as 

follows: 

 (1) The shear mechanical properties of corn stubble exhibit considerable instability, with the coefficient 

of variation ranging from 17.6% to 42.3%. The highest repeatability (CV = 17.6%) is achieved at 70%–80% 

moisture content and 10 mm/min, while the poorest stability (CV = 42.3%) occurs at 60%–70% moisture 

content and 50 mm/min. 

 (2) The effect of loading speed on shear stress is strongly dependent on moisture content. For dry 

stubble (50%–60%), shear stress increases monotonically with speed; for moderate moisture (60%–70%), a 

non‑monotonic response with a minimum at 10 mm/min and a peak at 20 mm/min is observed; for wet stubble 

(70%–80%), shear stress remains relatively stable across speeds. 

 (3) Moisture content exerts a significant and non‑linear influence on shear stress. The maximum shear 

stress (2.17 MPa) occurs at 20 mm/min and 70%–80% moisture content, representing the most demanding 
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condition for tool durability. The minimum shear stress (1.26 MPa) occurs at 10 mm/min and 60%–70% 

moisture content, representing the most energy‑efficient cutting condition. 

 (4) Approximately 65% moisture content is identified as a critical threshold (a critical moisture 

transition region near 65%, potentially corresponding to the fiber saturation range). Below this value, the 

stubble behaves in a brittle manner, while above it, viscoelastic and lubricating effects dominate, causing sharp 

transitions in mechanical response. 

 (5) The non‑linear interaction between loading speed and moisture content confirms that tool load 

cannot be predicted by a simple linear additive model. The optimal combination for minimizing shear stress is 

60%–70% moisture content and 10 mm/min loading speed, which provides a practical reference for selecting 

operational parameters of stubble crushing devices. 
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