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Abstract. 
Viscoelastic model of corn straw, based on different moisture contents, is set up to characterise the deformation through three-point bending test. The model contains a linear elastic element, a damping element, and a nonlinear elastic element. The parameters of the model are determined according to the features of three-point bending test curve and characteristic of the model. The relationships between mechanical properties, energy absorption behavior of corn stalk, and moisture content have been, respectively, analysed. And regression analysis and curve fitting have been conducted based on various parameters and moisture contents with Matlab. These parameters provide the basis for straw crushing equipment design.


1. Introduction
The production of corn stalk is 2000–250 billion kilograms in China, which contains rich nutrients. However, most of them are abandoned or burned [1, 2]. Related studies have shown that it can be rubbed into 20–40 mm of forage grass as pig feed after fermentation [3]. Cutting force-displacement characteristics of corn straw varied with orientation and energy used in cutting stalk were also studied [4]. The stems connection force of corn straw, tensile properties of leaf sheath, and the impact resistant properties of the stem and leaf sheath are tested by Gao Mengxiang. The influences of position of leaf sheath, moisture content, and diameter of corn straw on mechanical properties have been studied, respectively [5]. Zhihua et al. have established mechanics model of crop stalks and given the expression of the critical force by using the theory and methods of mechanics [6]. The compression, tensile, and bending tests on barley, wheat, and corn stalks have been made by Wright et al. And they got models and methods to distinguish different varieties of straw based on biomechanics characteristics [7]. Ruxin et al. studied the rheological behavior of chopped corn stalks when on the process of roll pressure. Sticky elastic parameters of the burgers model are established through linear viscoelastic theory [8]. Pena et al. studied the mechanical behavior of thermomechanical corn stalk fibers in high-density polyethylene composites [9]. 
Although the mechanical performance study of corn straw has a long history, the object of study and the mechanical properties of corn straw are scattered. In this paper, three-point bending test has been done on different moisture contents of corn straw. Tests show that the result of three-point bending test is less discrete than tension and compression test. Based on the different moisture contents, the stress-strain performance of the corn stalk is studied, and viscoelastic model is established, and finally we get the constitutive equation.
2. Materials and Methods
2.1. Test Materials
The corn stalks tested are all produced in Damiao town, Zhaoyang city, Liaoning province. And they are all the same varieties. There are many nodes for the corn stalk. Otherwise, the thickness of the stalk is different according to the different position of the leaf sheath. This test studies the central position of the stalks, whose diameters are all about 20 mm. Take 20 samples with 200 mm in length, and each corn stalk has two nodes and distributed symmetrically.
2.2. Test Method
Depending on the different moisture contents, number 30 corn stalks with A1–A5, B1–B5, C1–C5, D1–D5, E1–E5, and F1–F5. Firstly, put them in an oven at 105°C for drying [10], weighing several samples every one hour, until the quality difference is less than 0.005 g, that is, when we consider them to be completely dry, then record the quality of each sample. Secondly, take all of them into the water-bath at 30°C for 12 hours, which is to ensure that the moisture content is over 100% and distributed evenly. Lastly, put them in the oven again for dehydration treatment and take down each sample’s quality at any time, to ensure that the moisture contents are 90%, 70%, 60%, 40%, 30%, and 10% when dried to the desired quality, and then do three-point bending test. To guarantee internal water of corn stalks distributed evenly, set a lower temperature (40°C) in the second oven processing, remove them from the oven in advance, and then place them in the air to reach the desired moisture content.
2.3. Test Instrument
Three-point bending experiment was conducted on the RXPlus Universal electronic testing machine made in company Lloyd in Britain, and the accuracy is 0.5%. And span is 150 mm. The force on the straw sample was applied at the deformation rate of 60 mm/min. Experiments were conducted in packaging products quality supervision and inspection center of China.
2.4. Results and Discussion
After three-point bending experiment, it showed that the stress-strain curve was similar in characteristics, and the discreteness is acceptable. Average processing was conducted for each group of data through Matlab, and curves in different moisture contents are shown (Figure 1).


	
	
		
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
		
	
	
		
		
	
	
		
	
	
	
	
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
	













































































	
		
			
			
			
			
			
			
		
		
			
		
	


	
		
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
		
	

Figure 1: Stress-strain curve of corn straw in different moisture contents.


The material behaves initially as a linear body and then as a viscoelastic body At the linear elastic stage, the elastic modulus decreases with the increase of moisture content gradually. At the viscoelastic stage, with the increase of moisture content of corn straw, strain corresponding to the yield stress also gradually increases. After the yield stress, the characteristics have no obvious correlation to the moisture content.
3. The Viscoelastic Mechanical Model and Its Parameters
3.1. The Viscoelastic Mechanical Model
Corn straw is viscoelastic material, and its mechanical characteristics differ with the state (moisture content, density, varieties, etc.) changing. From Figure 1, the characteristics have no obvious correlation to the moisture content after yield stress. Viscoelastic mode is used to simulate to maximum yield point. According to the test of the initial elastic phase and the viscoelastic phase, the form of three components of solid model is changed. The model includes a linear elastic element 
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Table 1: Modulus of elasticity and elastic range.
	

	 	90%	70%	60%	40%	20% 	10%  
	

	Elastic range	0.0005  0.006	0.00050.0127   	0.0005 0.0149	0.00050.0168	0.00050.0103  	0.00050.0169
	 Modulus of elasticity E  	147.29   	155.91   	158.44    	240.63         	291.02	339.35
	



Table 2: Parameters of model in different moisture contents.
	

	 	90%	70%	60%	40%	20%	10%
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	562.76	3587.85	3332.54	19317.11	20276.59	92780.03
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	−1421.70	−2029.77	−2572.36	−5804.47	−6684.35	−10953.94
	




At the beginning of the compression deformation, compression stress is small, due to the viscous damping. When compression stress is smaller than the viscous damping, all elastic stresses are shared by linear elastic element 
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. The corn straw is linear elastic deformation, and the deformation equations can be expressed as shown in the following equation:
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. Nonlinear elastic element deformation occurs. And the corn straw is characterized by viscoelastic deformation, and the deformation equations can be expressed as in the following equation:
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From the aforementioned, the following equation can be obtained:
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3.2. Parameters
To characterise model of (5), three parameters 
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 are needed. The parameters of the model are determined according to the features of three-point bending test curve and the model.
According to the standard of GB/T 1040.1 2006, the interval can be determined 0.0005 to 0.0025. Dongmei and Zhiwei suggested that the elastic range is limited to strain between 0.0008 and 0.0015 through experiments research [11]. However, this subjective judgment makes the data inaccurate. The linear elastic of corn straw in different moisture content interval can be determined through differential-curve variational method [12–14].
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. 
Parameters of corn straw’s stress-strain model can be obtained according to the previous formulas.
Experiment and theory simulation figure of stress-strain are shown (Figure 2).
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(f)
Figure 2: Experiment and theory simulation curves of stress-strain.


Results show that the theoretical model and the test results of stress-strain curves are very fit before the yield stress. Parameters 
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 are closely related to the moisture content. Parameters 
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 are in negative correlation with moisture content, and they decrease with the increase of moisture content. Parameter 
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 is positively related to moisture content. The study of corn straw harvest can provide the reference for the design of crushing equipment.
The regression equation of moisture content and three parameters 
	
		
			

				𝐸
			

		
	
, 
	
		
			

				𝑚
			

		
	
, 
	
		
			

				𝑛
			

		
	
 can be fitted, respectively. The corresponding equations are shown as (7) and the curses are shown as Figure 3. Consider
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(c)
Figure 3: Fitting figure of parameters and moisture content.


4. Energy Absorption Performance of Corn Straw
From stress-strain curve of corn straw in different moisture contents, when the straw bending strain reaches 0.2, stress almost would not decrease with the increase of strain. Energy absorption performance is studied with Matlab. When the strain reaches 0.2, the total strain energy absorption in different moisture contents is shown in Figure 4.


	
	
		
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
		
			
			
			
		
	
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
		
	

Figure 4: The total strain energy absorption in different moisture contents.


With the increase of the moisture content, the total energy absorption of the corn straw is reduced and presents a linear relationship. This is due to the higher moisture content of corn straw, the fiber being more soft, and the stiffness being lower, and the easier it is to bend, and the less energy it needs.
5. Conclusion
This paper, based on the three-point bending test of the corn straw of the different moisture content, builds stress-strain models, respectively, and gets all parameters according to the test. The correlation between all parameters and moisture contents was fitted through the software of Matlab. Finally, energy absorption behavior of the straw is briefly analyzed when the strain is 0.2. Corn straw, as a typical biomass material, has large discrete mechanical properties. The mechanical properties of the corn straw are not only related with the moisture content, but also with the origin of the corn stalk, variety, section position, and shape of the samples. The relevant mechanics research of the corn straw, based on the fracture and crush due to the other factors, also needs further study.
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