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To gain insight into the mechanical properties of crushed sugarcane tail 
leaves during stress relaxation, a self-made compression equipment was 
used in this study. The variation law of different factors on the stress 
relaxation process of crushed cane tail was explored and a stress 
relaxation model was established. The three-element and five-element 
generalized Maxwell models were selected to fit the regression analysis of 
the stress relaxation curve of the crushed cane tail. The comparison 
showed that the determination coefficient R2 of the five-element stress 
relaxation model was higher, and a three-factor and three-level response 
surface test was designed. Following the quadratic regression polynomial 
of the stress rapid decay time and the equilibrium elastic modulus, the final 
optimization results obtained are as follows: The moisture content was 
60.8%, the crushing particle size was 45 mm, the feeding amount was 150 
g, and the stress rapid decay time was 14.0 s. The equilibrium elastic 
modulus was 129 kPa.  
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INTRODUCTION 
 

Sugarcane is an important low-cost economic crop. It is rich in carbohydrates, 

sucrose, and inorganic elements. In 2021, the sown area of sugarcane in China was 1,353 

thousand hectares, of which Guangxi's sown area accounted for about 65% of the country's 

total. China's sugarcane imports in 2021 were 1.4067 million tons, Exports were 0.06 

million tons. However, the utilization rate of such a large amount of cane tail is less than 

10% in China (Li et al. 2015; Tian 2020). At present, the use of sugarcane tail is mainly 

for silage. Silage technology is used to shorten the feeding cycle of cattle and sheep in 

winter and reduce the pressure on farmers. Because the stem of the cane tail is thick and 

hard, it is difficult to compact after cutting, and this can easily cause silage failure. The 

silage produced by it is more convenient for storage and transportation after being sealed 

and packaged. To strengthen the silage effect, it must involve the compression, 

transportation, baling, and other problems in the process of sugarcane silage. 

Up to now, a large number of scholars at home and abroad have done research on 

the stress relaxation test of some crops. Kugler et al. (1969) first proposed a straw 

compression rheological model. Followed by this, the generalized Maxwell model was 

used to analyze the stress relaxation rheological properties during straw compression, and 

the rheological equation was deduced (Mohsenin and Zaske 1976; Bock et al. 1989). Peleg 

(1983) used a nonlinear visco-plastic solid material-based rheological model to describe 
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the relaxation characteristics of agricultural fiber materials during the compression process, 

and obtained the expression of relaxation modulus. Wang et al. (2017) expounded the stress 

relaxation behavior of rice based on the time, moisture content, and temperature. Lastly, 

they described the relationship curve using the theory of thermo-rheological materials and 

the establishment of a 7-element generalized Maxwell model. Chen et al. (2013) 

recognized a fractional constitutive model for the stress relaxation behavior of wheat straw, 

which clearly described the fast and slow relaxation stages. Du et al. (2018) established a 

stress relaxation model for sweet sorghum straw with different moisture content, 

compression density, length of chopped segment, and compression speed, and analyzed the 

relationship between the four factors. Waananen and Okos (1992), Chen et al. (2019), Li 

et al. (2013), Shi et al. (2017), Yuan et al. (2012), Sheng et al. (2014), Wang et al. (2021), 

Abedi and Takhar (2022), and Xiao et al. (2020), respectively analyzed corn kernels, barley 

straw, industrial hemp fiber, wormwood straw, wheat stalks, corn kernels, machine-

harvested seed cotton, banana, and rice seedlings. Caicedo et al. (2021) established a 

viscoelastic plastic model for the compressive properties of sugarcane residues. Zhang et 

al. (2021) used the Maxwell model to study the mechanical properties of cabbage under 

lateral and longitudinal loadings and analyzed the relaxation characteristics in different 

compression directions. Lei et al. (2015) studied the stress relaxation characteristics of rice 

straw, established a three-element generalized Maxwell model, and optimized rice straw 

moisture content, bale dry matter quality, rolling steel roll speed, and rice straw feeding 

amount. Solomon et al. (2002) used axial and radial compression tests to study the creep 

and stress relaxation models of potato tissue cylindrical samples at different temperatures. 

Yinyan et al. (2017) conducted a compression experiment of Artemisia selengensis straw 

with different soil moisture, diameters, and directions. In particular, these results showed 

that the compressive strength and elastic modulus decreased with the height of stalk 

position, while the deformation increased. In addition, with the increase in the stalk 

diameter, the bending strength and fracture mechanical work increased, while the 

deformation decreased. 

As shown above, there have been many reports on crushed wheat, rice, corn, and 

other crops, but the research on the mechanical properties of the stress relaxation of crushed 

sugarcane tail leaves rarely has been reported. Therefore, the stress relaxation test of 

crushed cane tail was conducted in this paper, and the significant influence of single factor 

and multiple factors was analyzed. Finally, through the Box-Behnken 3 factors and 3 levels 

analysis, with the rapid stress decay time and equilibrium elastic modulus as the evaluation 

criteria, a quadratic regression equation was established, and the optimal parameter 

combination was obtained. These results provide important physical parameters and a 

theoretical research basis for the optimization of sugarcane collection machines and silage 

in the future. 

 
 
EXPERIMENTAL 
 

Materials 
The WDW-100 type micro-controlled electronic universal testing machine 

(Jinan Zhongbiao Instrument Equipment Co., Ltd., Jinan, China) was utilized, as shown in 

Fig. 1. It has three control modes of stress, strain, and displacement, which can be switched 

randomly between control modes, and automatically collect and process test data, draw 

various curves, and print test reports. The compression link used was 200 mm. The inside 
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of the compression cylinder was cleaned and made rust-proof and dust-proof. The friction 

force was as far to avoid the impact of impurities on the test as possible to avoid the 

influence of the test error on the data. There were different regular exhaust cylinders with 

a diameter of 5 mm at the bottom and wall of the compression cylinder, which was 

convenient for the discharge of crushed sugarcane tail juice and air during the compression 

process to facilitate cleaning of residues. Auxiliary equipment included electronic balances, 

electronic scales, measuring cups, and Vernier calipers. 

 

 
Fig. 1. Compression test device 
 

Test Sample 
In this study, the sugarcane root from cane field planting base of Guangxi Academy 

of Agricultural Sciences (Gui Lin, China) was used, as shown in Fig. 2. The test area was 

10 mu, 2 rows of sugarcane were planted between the rows, the row spacing was kept at 

30 cm, the plant spacing was 25 cm, 3000 plants were planted per 667 m2, the seeding 

amount was approximately 60 kg, and the cover of about 10 cm of soil was crushed, leveled, 

and covered with film. The sugarcane variety Guitang No. 42 was used as the raw material 

for the test. The healthy, disease-free, and no pests crushed cane tail straw was collected 

with a sickle and brought back to the laboratory, where it was placed in a dry and easily 

ventilated environment for subsequent treatment. The cane tail was added into the crushing 

device, and the slip screen was used to screen-out the smaller particles less than 15 mm, 25 

mm, and 45 mm respectively. Because the collected sugarcane tails contained sugarcane 

leaves, tail stems, and other impurities (including weeds and bad leaves), the crushed 

sugarcane tails were randomly selected from the sample group for 3 groups. The proportion 

was 51.8%, and the average proportion of impurities was 3.2%. 

 

 
Fig. 2. Test sample 
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Experimental Design and Methods 
Stress relaxation analysis using various feeding amounts 

Approximately 150, 200, and 250 g of test sample was added into the compression 

cylinder. The procedure was to first make a set of test samples with a feeding amount of 

150 g, and then make test samples of 200 g and 250 g in turn. The moisture content, 

crushing particle size, and compression density were set to the same level. Compression 

was stopped when the target compression density reached 500 kg/m3. The crushed cane 

tails were then held for 650 s. At this time, the material compressed and molded by the 

crushed cane tail undergoes stress relaxation in the compression cylinder. The experiment 

was repeated 3 times, and the final results were averaged. The test data was first organized 

into an Excel table, and the relationship curve of stress and time for different feeding 

amounts was obtained. Finally, the data was imported into Origin2020 (Microcal, 2020, 

Northampton, MA, USA) for curve fitting, and obtained the stress relaxation model. 

 

Stress relaxation analysis at various moisture content 

Approximately 20%, 50%, and 80% of crushed cane tails were used for this purpose, 

and the feeding amount, crushing particle size, and compression density were set to the 

same level. Compression was stopped when the target compression density of 500 kg/m3 

was obtained. The simulations of the two models for various water contents were compared. 

 

Stress relaxation analysis of different crushing particle sizes 

The crushed cane tail samples smaller than 15, 25, and 45 mm sizes were used, and 

the feeding amount, moisture content, and compression density were kept at the same level. 

When the target compression density of 500 kg/m3 was obtained, the compression was 

stopped. In the same way as the above method, the stress relaxation models of different 

crushing particle sizes under the two models was then compared. 

 

Stress relaxation analysis of different compression rates 

The moisture content, feed amount, and crushing particle size were set to the same 

level, and the compression rates of 20 mm·min-1, 50 mm·min-1, and 80 mm·min-1 were 

targeted as the compressive stop behavior. The stress relaxation process at 3 compressive 

densities was recorded and the respective stress relaxation model at 3 compressive densities 

was analyzed in the same way. 

 

Stress Relaxation Model Selection  
The stress relaxation model of agricultural straw was used as the generalized 

Maxwell model. Therefore, this study used Origin 2020 software to establish a generalized 

Maxwell model with a different number of units to fit and a regression analysis of the stress 

relaxation curve of the crushed cane tail was obtained. The model expression is shown in 

Eq. 1, 

𝜎(𝑡) = ∑ 𝜀(𝐸𝑖𝑒
−𝑡

𝑇𝑖
⁄ + 𝐸𝑒

𝑛
𝑖=1 )         (1) 

where σ(t) is the stress value corresponding to any time (mm/s), 𝜀 is the initial strain, 𝑇𝑖  is 

the stress relaxation time (s), e is a numerical constant, approximately equal to 2.718, 𝐸𝑖 is 

the relaxation elastic modulus (kPa), 𝐸𝑒 is the equilibrium elastic modulus (kPa). 

The generalized Maxwell model consists of one or more Maxwell models 

connected in parallel with elastic elements. The number of model parameters depends on 
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the number of viscous elements (sticky pots) and elastic elements (springs). The model 

diagram is shown in Fig. 3. 

 
Fig. 3. Generalized Maxwell Model 

 

Test Index 
A generalized Maxwell model is established based on the rheological properties of 

solids in agricultural materials science. The decay 𝜀  is the initial strain, 𝑇𝑖 is the stress 

relaxation time, 𝐸𝑒 is the equilibrium elastic modulus, and 𝐸𝑖 is the relaxation modulus that 

can be used to describe the material relaxation behavior and viscoelastic deformation 

behavior. Therefore, it can be used as an indicator for analyzing the stress relaxation 

characteristics of crushed cane tails. 

 

 
TEST AND ANALYSIS 

 

Effect of Water Content on Stress Relaxation Properties of Crushed Cane 
Tail 
 

 
(a)                                                                    (b) 

Fig. 4. (a) Three-element generalized Maxwell model of water content; (b) Five-element 
generalized Maxwell model of water content 
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Fig. 5. Moisture content- Rapid stress decay time-Equilibrium elastic modulus relationship curve 

 

Figure 4(a) represents stress versus time plots for 20%, 50%, and 80% moisture 

content in that order and three-element generalized Maxwell model curve of water content; 

Figure 4(b) represents stress versus time plots for 20%, 50%, and 80% moisture content in 

that order and five-element generalized Maxwell model curve of water content and the 

fitting of each water content with the three-element generalized Maxwell model and the 

five-element generalized Maxwell model. It can be seen from Fig. 4 that with the increase 

of water content, the maximum stress value of the crushed cane tail when it was compressed 

to 500 kg/m3 density in the compression cylinder was smaller. When the moisture content 

was low, the stress of the crushed cane tail changed greatly. The stress gradually decreased 

and leveled off with time. In Fig. 4(a), the three-element generalized Maxwell fitting curve 

and the experimental data did not completely fit, while the fitting effect of the five-element 

generalized Maxwell curve in Fig. 4(b) was better. It can be seen from Fig. 5 that with the 

increase of water content, the equilibrium elastic modulus of the crushed cane tail gradually 

decreased; that is, the stress decay time and elastic recovery force were also smaller during 

the stress relaxation process. This phenomenon shows that the stress decay time can be 

reduced with high water content. 

 

Effect of Crushing Particle Size on Stress Relaxation Characteristics of 
Cane Tail 

Figures 6(a) and (b) respectively show the relationship between stress and time 

when the crushing particle size was less than 15 mm, 25 mm, and 45 mm, and the 

simulation of each crushing particle size with the three-element and the five-element 

generalized Maxwell models. It can be seen from Fig. 6 that with the increase of the 

crushing particle size, the maximum stress value also increased gradually. When the 

crushed cane tail was under stress relaxation from the crushed particle size of 45 mm, the 

stress suddenly dropped sharply, so it can be seen from Fig. 6(a) that the three-element 

generalized Maxwell model cannot completely simulate the complete change of the stress 

relaxation curve during the pressure holding process. The fitting effect of the five-element 

generalized Maxwell model in Fig. 6(b) was better. Figure 7 shows that with the increase 

of crushing particle size, the stress decay time decreased slowly, and the equilibrium elastic 
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modulus increased rapidly at first and then increased slowly. It shows that when the 

crushing particle size increased, the gap of the material in the compression cylinder became 

larger, and the larger the equilibrium elastic modulus is, the final molding effect of the 

material became worse. 

 

 
(a)                                                                            (b) 

 
Fig. 6. (a) Three-element generalized Maxwell model; and (b) Five-element generalized Maxwell 
model for crushing particle size 

 

 
 
Fig. 7. Pulverized particle size-Stress rapid decay time-Equilibrium elastic modulus relationship 
curve 

 

Effects of Feed Amount on Stress Relaxation Characteristics of Crushed 
Cane Tail 

Figures 8(a) and (b) respectively show the relationship between stress and time of 

the feeding amount of 150, 200, and 250 g, and each feeding amount is simulated with the 

three-element and the five-element generalized Maxwell models. It can be seen from Fig. 

8 that with the increase of the feeding amount, the maximum stress value was basically the 
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same, and the feeding amount had no obvious effect on the internal friction and extrusion 

force of the crushed cane tail during the stress relaxation process. From Fig. 8(b), it can be 

seen that the five-element model fit better. It can be seen from Fig. 9 that with the increase 

of the feeding amount, the rapid stress decay time gradually decreased, and the equilibrium 

elastic modulus decreased rapidly at first and then slowly decreased. It shows that when 

the feeding amount of crushed cane tail was a certain amount, it reduced the rapid decay 

time of stress and the equilibrium elastic modulus. 

 

 
(a)                                                                   (b) 

 
Fig. 8. (a) Three-element generalized Maxwell model; and (b) Five-element generalized Maxwell 
model for various Feed amounts 

 
 
Fig. 9. Feeding amount-Stress rapid decay time-Equilibrium elastic modulus relationship curve 

 

Effect of Compression Rate on Stress Relaxation Properties of Crushed 
Cane Tail  

Figures 10(a) and (b) show the stress-time relationship curves of compression rates 

of 20, 50, and 80 mm·min-1, respectively, as well as the relationship between the 

compression rates, and the three-element and the five-element generalized Maxwell models. 

It can be seen from Fig. 10 that with the increase of the compression rate, the maximum 
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stress value was basically the same, that is, the compression rate had little effect on the 

stress relaxation process. The fitting effect of the five-element generalized Maxwell model 

reflected from Fig. 10(b) was better. As shown in Fig. 11, the time range of rapid stress 

decay was approximately 17 to 21 s, and the range of equilibrium elastic modulus was 

about 250 to 300 kPa, so the compression rate had no obvious effect on the two. 

 

 
(a)                                                                (b) 

 
Fig. 10. (a) Three-element generalized Maxwell model for Compression rate; (b) Five-element 
generalized Maxwell model for compression rate 

 
 
Fig. 11. Compression rate-Stress rapid decay time- equilibrium elastic modulus relationship curve 

 

The parameters of each factor simulation regression model are shown in Tables 1 

and 2. 
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Table 1. Three-Element Generalized Maxwell Model Fitting Parameters 

Factor Level Model Expression Decisive 
Factor 

 
Moisture Content 

20 
𝜎(𝑡) = 77.839𝑒

−𝑡
103.782 + 381.898 

0.955 

50 
𝜎(𝑡) = 66.384𝑒

−𝑡
147.916 + 240.519 

0.936 

80 
𝜎(𝑡) = 90.995𝑒

−𝑡
119.401 + 80.455 

0.977 

 
Pulverized Particle 

Size 

< 15 
𝜎(𝑡) = 102.736𝑒

−𝑡
123.678 + 168.626 

0.965 

25 
𝜎(𝑡) = 111.546𝑒

−𝑡
120.646 + 192.745 

0.972 

45 
𝜎(𝑡) = 139.396𝑒

−𝑡
117.077 + 201.256 

0.952 

 
Feeding Amount 

150 
𝜎(𝑡) = 58.866𝑒

−𝑡
136.716 + 106.371 

0.963 

200 
𝜎(𝑡) = 85.195𝑒

−𝑡
129.865 + 89.767 

0.986 

250 
𝜎(𝑡) = 90.203𝑒

−𝑡
119.468 + 90.203 

0.977 

 
Compression Rate 

20 
𝜎(𝑡) = 39.308𝑒

−𝑡
126.808 + 234.470 

0.950 

50 
σ(t) = 113. 504e

−t
123.406 + 200.881 

0.956 

80 
σ(t) = 102.403e

−t
127.055 + 191.915 

0.961 

 
Table 2. Five-Element Generalized Maxwell Model Fitting Parameters 

Factor Level Model Expression Decisive 
Factor 

 
Moisture Content 

20 
𝜎(𝑡) = 60.241𝑒

−𝑡
16.8 + 54.453𝑒

−𝑡
192.076 + 377.208 

0.995 

50 
𝜎(𝑡) = 78.864𝑒

−𝑡
4.846 + 59.124𝑒

−𝑡
188.604 + 238.285 

0.994 

80 
𝜎(𝑡) = 79.211𝑒

−𝑡
5.546 + 82.767𝑒

−𝑡
138.133 + 79.211 

0.993 

 
Pulverized Particle 

Size 

< 15 
𝜎(𝑡) = 71.208𝑒

−𝑡
18.951 + 77.831𝑒

−𝑡
219.364 + 161.201 

0.998 

25 
𝜎(𝑡) = 90.401𝑒

−𝑡
17.563 + 88.504𝑒

−𝑡
215.798 + 185.201 

0.998 

45 
𝜎(𝑡) = 105.511𝑒

−𝑡
16.592 + 103.372𝑒

−𝑡
213.612

+ 191.281 

0.997 

 
Feeding Amount 

150 
𝜎(𝑡) = 39.259𝑒

−𝑡
13.781 + 48.293𝑒

−𝑡
217.013 + 108.434 

0.997 

200 
𝜎(𝑡) = 37.806𝑒

−𝑡
9.882 + 47.396𝑒

−𝑡
129.853 + 87.767 

0.996 

250 
𝜎(𝑡) = 47.418𝑒

−𝑡
5.572 + 82.166𝑒

−𝑡
139.853 + 79.211 

0.993 

 
Compression Rate 

20 
𝜎(𝑡) = 110.179𝑒

−𝑡
20.833 + 103.856𝑒

−𝑡
294.736

+ 216.053 

0.995 

50 
𝜎(𝑡) = 106.371𝑒

−𝑡
17.361 + 102.976𝑒

−𝑡
225.468

+ 189.614 

0.997 

80 
𝜎(𝑡) = 72.891𝑒

−𝑡
20.124 + 77.305𝑒

−𝑡
247.314 + 182.336 

0.996 

 

From Tables 1 and 2, it can be seen that the five-element generalized Maxwell 

model had a higher determination coefficient than the three-element generalized Maxwell 

model, and the determination coefficient R2 ≥ 0.993, which is reflected in Figs. 3 through 

10. For example, it can be seen from Table 1 that the determination coefficient of 150 g 

feeding was 0.9634. The actual determination coefficient was 0.96303, and the adjusted 

determination coefficient was 0.96292. In order to get a more accurate determination 
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coefficient, a Five-Element Generalized Maxwell model was prepared. As can be seen 

from Table 2, the determination coefficient was very close to 1. The actual determination 

coefficient and adjusted determination coefficient of 3 and 5 elements in Tables 3 and 4. It 

can be seen that, based on the adjusted R2 values, the Five-Element Generalized Maxwell 

model is more suitable for the actual situation of crushed cane tail. 

 

Table 3. Three-Element Generalized Maxwell Model Fitting Parameters  

Factor Level R2 values Adjusted R2 values 

 

Moisture Content 

20 0.95483 0.95469 

50 0.93593 0.93587 

80 0.97732 0.97712 

 

Pulverized Particle 
Size 

< 15 0.96516 0.96506 

25 0.97207 0.97201 

45 0.95223 0.95215 

 

Feeding Amount 

150 0.96303 0.96292 

200 0.98585 0.98581 

250 0.97749 0.97744 

 

Compression Rate 

20 0.95034 0.95011 

50 0.95550 0.95523 

80 0.96108 0.96091 

 

 
Table 4. Five-Element Generalized Maxwell Model Fitting Parameters  

Factor Level R2 values Adjusted R2 values 

 

Moisture Content 

20 0.99541 0.95533 

50 0.99350 0.99311 

80 0.99349 0.99322 

 

Pulverized Particle 
Size 

< 15 0.99843 0.99817 

25 0.99845 0.99845 

45 0.99681 0.99665 

 

Feeding Amount 

150 0.99727 0.99726 

200 0..98585 0.98577 

250 0.99342 0.99338 

 

Compression Rate 

20 0.99538 0.99534 

50 0.99748 0.99705 

80 0.99619 0.99618 

 

According to the findings of this article, it can be concluded that the compression 

rate had no obvious effect on the rapid stress decay time and the equilibrium elastic 
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modulus, so the moisture content (A), crushing particle size (B), and feeding amount (C) 

were selected as the test factors, and the Box-Behnken experimental design was used. 

Three-factor and three-level response surface analysis tests were carried out. Each group 

of tests was repeated three times, and the test results were averaged. The levels of each test 

factor are shown in Table 5. During the stress relaxation process of crushed cane tail, the 

rapid stress decay time and equilibrium elastic modulus were selected as evaluation 

indicators. 

 

Table 5. Coding Table for Stress Relaxation Test of Crushed Sugarcane Tail 

Level Moisture Content Pulverized Particle Size  Feeding Amount 
-1 20  < 15 150 
0 50 25 200 
1 80 45 250 

 

Stress-relaxation Regression Model and Analysis of Variance for Crushed 
Cane Tail 

The test results were obtained according to the appeal test plan, and the analysis 

was imported into the Design-Expert 8.0 (Stat-Ease, Minneapolis, MN, USA) software, 

and the variance analysis table of the rapid decay time of the crushed cane tail stress and 

the equilibrium elastic modulus were obtained, as shown in Tables 6 and 7. 

 

Table 6. Analysis of Variance of Rapid Stress Decay Time in Crushed Cane Tail 
Stress Relaxation Test 

Project Mean Square F-value P-value Salience 

Model 141.16 13.82 0.0011 ** 

A 2.28 2.01 0.1989  

B 3.59 3.16 0.0187 * 

C 2.86 2.52 0.1562  
AB 0.26 0.23 0.6474  

AC 59.12 51.21 0.0002 ** 

BC 31.18 28,13 0.1377  

A2 15.26 13.44 0.008 ** 

B2 53.33 46.99 0.0002 ** 

C2 5.96 5.25 0.0057 ** 
Lack of Fit 4.72 1.95 0.2633  

*: ; **: Note: **Indicates that the item is highly significant (P-value <0.01) and * indicates that the 
item is significant (P-value < 0.05) 

 

The lack of fit item in the table was not significant (P-value = 0.2633 > 0.05), that 

is, the regression model was significant (P-value = 0.0011 < 0.05), indicating that the 

quadratic regression model was feasible. The quadratic regression model of the rapid stress 

decay time of the crushed cane tail was: 

F rapid stress decay time  = 17.73 + 0.53 × A - 0.67 × B + 0.6 × C - 0.25 × A × B + 3.81 

× A × C -  0.89 × B × C + 1.9 × A2 - 3.56 × B2 + 1.19 × C2     (2)  
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Table 7. Analysis of Variance Table of Equilibrium Elastic Modulus for Crushed 
Cane Tail Stress Relaxation Test 

Project Mean Square F-value P-value Salience 
Model 6.231E + 006 420. 64 < 0.0001 *** 

A 1.431E + 006 873.51 < 0.0001 *** 

B 1.911E + 006 1164.92 < 0.0001 *** 

C 8038.49 488.62 < 0.0001 *** 

AB 14359.66 872.87 < 0.0001 *** 

AC 1747.66 106.23 < 0.0001 *** 
BC 258.34 15.70 0.0524 ** 

A2 355.25 21.59 0.0024 ** 

B2 560.37 34.06 0.0006 ** 

C2 3636.11 221.02 0.0005 ** 

Lack of Fit 28.13 0.43 0.7424  

Note: *** means extremely significant, p value < 0.001; ** means more significant, p value < 
0.01.* means significant p value < 0.05 

 

The lack of fit item in the table was not significant (P-value = 0.7424 > 0.05), 

whereas the regression model was significant (P-value < 0.0001 < 0.05), indicating that 

the quadratic regression model was feasible. The quadratic regression model of equilibrium 

elastic modulus of crushed cane tail is:  

F Equilibrium Elastic Modulus = 231.97 + 42.38 * A - 48.94 * B + 31.7 * C - 59.92 * A * 

B - 20.9 * A * C + 8.04 * B * C + 9.10 * A2 + 11.54 * B2 - 29.39 * C2  (3) 

   

Analysis 

It can be seen from Table 4 that among the three test factors of moisture content 

(A), crushing particle size (B), and feeding amount (C), only the crushing particle size that 

had a significant effect on the rapid decay time of the stress of the crushed cane tail, and 

the interaction factor was only (AC) and the crushing particle size. The quadratic term (B2) 

and the quadratic term (A2) of moisture content were significant, and it can be seen in the 

variance table that the single factor F-value was crushed particle size B (3.16) > feed 

amount C (2,52) > moisture content A ( 2.01). From this it is obvious that the crushing 

particle size had the most significant effect on the rapid stress decay time of the crushed 

cane tail. 

It can be seen from Table 5 that the three test factors of moisture content (A), 

crushed particle size (B), and feeding amount (C) were extremely significant for the 

equilibrium elastic modulus of crushed cane tails. The interaction factors (AC), (AB), and 

(BC) and the quadratic term (B2) of the crushing particle size and the quadratic term of the 

moisture content (A2), and the quadratic term of the feeding amount (C2) were more 

significant. It can be seen in the variance table that the single factor F value crushing 

particle size B (1164.92) > water content A (873.51) > feeding amount C (488.62). Thus, 

it is obvious that the crushing particle size had the most significant effect on the equilibrium 

elastic modulus of the crushed cane tail.  

The Effect of Interaction on the Rapid Decay Time of Stress 
It can be seen from Fig. 12 that when the crushing particle size is at 0 level and the 

water content is constant, the rapid stress decay time decreases with the increase of the feed 

amount; and when the feed amount is constant, the stress rapid decay time increases with 
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the water content and then decreases. The time of rapid stress decay decreases with the 

increasing water content and feeding amount. 

 
 
Fig. 12. The effect of the interaction of moisture content (A) and feed pair (C) on the time of 
Rapid stress decay 
 
Effect of Interaction on Equilibrium Elastic Modulus 

It can be seen from Fig. 13(a) that when the feeding amount was at 0 level and the 

pulverization particle size was constant, the equilibrium elastic modulus increased with the 

increase of the moisture content; and when the moisture content was constant, the 

equilibrium elastic modulus increased with the pulverization particle size. The response 

surface varied significantly in the direction of water content (X1, take the axis of moisture 

content on the graph as X1). The equilibrium elastic modulus increased with the increase 

of moisture content and the increase of crushed particle size. It can be seen from Fig. 13(b) 

that when the pulverized particle size was at 0 level and the moisture content was constant, 

the equilibrium elastic modulus increased slowly with the increase of the feeding amount; 

and when the feeding amount was constant, the equilibrium elastic modulus increased with 

increasing water content at an increasing rate. The equilibrium elastic modulus increased 

with the increase of water content and feed amount. 

It can be seen from Fig. 13(c) that when the moisture content was at 0 level and the 

pulverization particle size was constant, the equilibrium elastic modulus increased slowly 

with the increase of the feeding amount; and when the feeding amount was constant, the 

equilibrium elastic modulus increased with increasing water content and increasing of the 

feed amount. The equilibrium elastic modulus decreased with the increase of water content 

and feed amount. 
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(a) 

(b) 

(c) 
 
Fig. 13. (a) Influence of the interaction of moisture content (A) and crushed particle size (B) on 
equilibrium elastic modulus; (b) Effect of the interaction of moisture content (A) and feeding 
amount (C) on equilibrium elastic modulus; (c) Influence of the interaction of crushing particle size 
(B) and feeding amount (C) on equilibrium elastic modulus 

 

Parameter Optimization 
To better analyze the rheological properties of the crushed cane tail during stress 

relaxation, Design-expert8.0 software was used to optimize the quadratic regression model 

of the rapid stress decay time and equilibrium elastic modulus of the crushed cane tail. The 

equilibrium elastic modulus target optimization value was set to minimum. The final 

optimum results obtained were as follows: The optimum moisture content was 60.8%, the 

crushing particle size was 45 mm, the feeding amount was 150 g, and the stress decay time 

was 14.0 s. The equilibrium elastic modulus was obtained as 128.8 kPa. 
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CONCLUSIONS 
 

1. This paper explored the variation law of different experimental factors on the stress 

relaxation process of the crushed cane tail and established the three-element and five-

element generalized Maxwell stress relaxation models of the crushed cane tail.  The 

experiment shows that the five-element generalized Maxwell model is more suitable 

for the actual situation of crushed cane tail.  

2. The relationship curve was established between the four factors of moisture content, 

compression rate, crushing particle size, and feeding amount with the rapid decay time 

of stress and equilibrium elastic modulus. 

3. Selecting moisture content, crushing particle size, and feeding amount as the test 

factors, the Box-Behnken test was used to conduct the three-factor and three-level 

response surface test analysis test, and the quadratic regression model and variance 

analysis table of the rapid stress decay time and equilibrium elastic modulus were 

obtained. Finally, the optimal solution was obtained using the optimization module of 

Design-Expert8.0 software: the optimum moisture content was 60.8%, with a crushing 

particle size of 45 mm, a feeding amount of 150 g, and a stress decay time of 14.0 s. 

The predicted equilibrium elastic modulus under these conditions was 128.8 kPa. 
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