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Abstract: Creep and relaxation characteristics of stem for rice seedlings grown in plastic cell tray were studied by static tensile 

testing, in order to determine the relationship between characteristic parameters (rheological model parameters, stress 

components and strain components) and test levels (stress levels and strain levels).  Rice seedling stem specimen used in the 

test was 40 mm in length.  And the applied test values for the creep and relaxation test ranged from 1.0-3.0 MPa and 

1.5%-3.5%, respectively, each for 5 levels.  The results indicated that elastic modulus in the creep and relaxation model was 

not affected by test levels.  However, except that viscosity coefficient ηkv was a constant and ηm1 decreased with the increase of  

test levels, other viscosity coefficient and rheological time nonlinearly increased as the test levels increased.  And strain 

components in the creep model and stress components in the relaxation model significantly increased as the test levels 

increased. 
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1  Introduction

 

Rice (Oryza sativa L.) is widely cultivated in China[1].  It is 

the principal food crop in China.  And there are greater than 80% 

of Chinese people and approximately half of the population of the 

world who live on rice[2,3].  Rice potted-seedling throwing 

transplanting is one of the three principal agronomic patterns to 

plant rice in China[4].  When the proposed two-degree-of-freedom 

manipulator type transplanter working in the field[5], rice seedlings 

were pulled up from the cell tray with clamp-shaped grippers.  

Rice seedling stem is a kind of biological material and agricultural 

fiber material with vascular bundle structure[6], composed of 

cellulose, lignin, hemicellulose and other macromolecules[7,8].  It 

is a known fact that macromolecules would slip between each other 

when the biological material sample loaded with constant stress or 

strain[9], causing certain damage to the biological material.  

Therefore, it is necessary in order to understand the rheological 

properties of stem for rice seedlings using static tensile testing. 

At present, there are some researches on chemical, physical, 

mechanical and composite materials properties for rice stalk.  

Song et al.[10] and Ma et al.[11] studied the fracture force of rice 

seedlings grown in cell tray so as to provide a theoretical basis for 

designing a transplanter for pulling rice seedlings.  Ishimaru[12], 

Zhang, et al.[13] and Gui et al.[14] studied the relationship between 

rice stalk lodging resistance and chemical or physical properties.  

Ghofrani et al.[15] studied the mechanical and physical properties of 

fiber-cement composite utilizing rice stalk fiber and rice husk ash.  
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Although these researches study the mechanical properties of the 

rice stalk, no further studies have been made on the rheological 

properties of the rice stalk. 

Rheological properties of biological materials, including wood, 

crop stem, fruit, and so on, have been widely studied.  Engelund 

and Salmén[16] studied the effects of different moisture and 

temperature on the tensile creep and recovery of Norwegian spruce.  

The results were shown that temperature affected the tensile creep 

and recovery of Norwegian spruce by affecting all chemical bonds 

while moisture affected that by affecting hydrogen bonds.  And it 

came to a conclusion that temperature was equally affected by the 

time-dependent and the elastic response of Norwegian spruce, but 

moisture had more effect on the time-dependent response than the 

elastic.  Similar researches were also studied by Moutee et al.[17], 

Gao et al.[9] and Lagafta et al.[18].  Creep and stress relaxation 

properties of hulless barley stem at different moisture contents 

were studied to find that magnitude of the creep and relaxation 

curves increased and decreased with the increase of moisture 

contents, respectively[19].  And relaxation fitting models showed 

that it was better using the 5-element Maxwell model to describe 

the relaxation behavior of hulless barley stem.  Chen et al.[20] 

investigated wheat straw relaxation behavior with four constitutive 

models and found that the fractional Zener model was the best 

model predicting the wheat straw stress relaxation behavior.  

Further study showed that there was a close relationship between 

the elasticity and viscosity of wheat straw relaxation behavior and 

its lignocellulose components.  Research of Zhao et al.[21] 

determined the relaxation parameters of ‘Fuji’ apple through the 

generalized Maxwell model.  And the relationship between the 

stress relaxation properties and quality characteristics was also 

researched.  The relaxation cure of pear was fitted with a 

3-element model, and relaxation parameters were obtained[22].  In 

addition, the relationships between relaxation parameters and 

orientation and location of the pear were also established.  

However, there are limited studies on rheological properties of rice 

seedling stem.  Ma et al.[5] investigated the rheological properties 
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of rice seedling stem, including creep property at 1.5 MPa stress 

level and stress relaxation property at 2.5% strain level.  By fitting 

with rheological model equations, respectively, the relevant 

rheological parameters were obtained, which has been 

demonstrated that the creep and stress relaxation properties of rice 

seedling stem can be fitted using the Burgers 4-element model and 

Maxwell 5-element model.  And parameter analysis indicated that 

certain damage has occurred during the creep and relaxation 

processes.  Nevertheless, the researches on the effects of different 

test levels on modeling parameters creep and relaxation model 

parameters of rice seedling stem have not been studied. 

Therefore, the main goal of the present work was to investigate 

the effects of test levels, including stress levels and strain levels, on 

creep and relaxation characteristic parameters of stem for rice 

seedlings grown in plastic cell tray.  The generated data of creep 

and relaxation test were fitted with relevant rheological model 

equations, in order to obtain the creep model and stress relaxation 

model parameters at different test levels.  Furthermore, the 

relationship between the characteristic parameters (rheological 

model parameters, stress components, and strain components) and 

the test levels were also investigated.  The results can provide a 

theoretical basis for damage assessment and relevant simulation 

analysis of pulling up rice seedlings, as well as agricultural 

machinery design. 

2  Materials and methods 

2.1  Materials 

Rice seedling variety selected for testing was Huahang 31.  

On June 27th, 2018, the rice seedlings were bred in a plastic cell 

tray in the test field at Qilin North (113.363°E, 23.167°N), South 

China Agricultural University, Guangzhou, China.  After 

completing breeding, the field management was carried out 

according to the actual situation of the nursery.  Rice seedlings 

after 20 d (Figure 1), which had 3 to 5 leaves, straight and 

well-grown stem, were selected as tested seedlings.  Samples for 

testing (Figure 2) were the stems approximately 40 mm above from 

the bottom of the rice seedlings. 
 

 
Figure 1  Rice seedlings grown in plastic cell tray 

 

 
Figure 2  Sample for testing 

A vernier caliper with a resolution of 0.02 mm was used to 

measure the dimensions of the samples.  And the weight of the 

samples was evaluated using a BMB124 Kunhong High Precision 

Analytical Balance (HPAB) (Suzhou Kunhong Electronics Co., 

Ltd., Jiangsu, China) with a resolution of 0.1 mg. 

The creep and relaxation experiments of rice seedling stem 

were carried out on Jk-100KE Micro-controlled Universal 

Electronic Testing Machine (UETM) (Guangzhou Precision Testing 

Instrument Co., Ltd., Guangzhou, China).  Its maximum test force 

is 100 N, measuring resolution is 0.005 N, and the stress resolution 

is 0.001 MPa.  

2.2  Determination of wet basis moisture content 

The wet weight mw of stem samples was weighted using HPAB.  

Next, stem samples were dried by a JC101 Electric Constant 

Temperature Drying Cabinet (Nantong Jiacheng Instrument Co., 

Ltd, Shanghai Chengshun Instrument & Meter Co., Ltd, Jiangsu & 

Shanghai, China) at 105°C for 15 min and then 80°C for 4 h.  

Then, the dry weight md was also weighted using the analytical 

balance.  The wet basis moisture content was determined by 

Equation (1): 

100%w d

w

m m
MC

m


                 (1) 

The wet basis moisture content of stem samples was 84.47%± 

0.69%. 

2.3  Density of rice seedling stem 

Considering the rice seedling stem as solid elliptical biological 

material, macro axis a and minor axis b of the middle of the sample 

was measured.  And the weight m of the rice seedling stem was 

weighted by the HPAB.  Hence, the density of rice seedling stem 

samples can be calculated according to Equation (2): 

 
4m

abl



                       (2) 

where, l is the measured length of rice seedling stem samples.  

The average density of 30 tests was 0.7677 g/cm3.  

2.4  Creep model 

Creep properties of viscoelastic materials are generally 

described by a 4-element Burgers model, which consists of a 

Hooke spring, a Newtonian dashpot and a Kelvin body in series[9,23], 

as seen in Figure 3.  A 4-element Burgers model describing the 

creep behavior of rice seedling stem can be written as follows: 

    /

0

0

1 1
1 kt T

k k kv

t
t e

E E
 



 
    

 
       (3) 

where, σ0, Ek, Tk, Ek0 and ηkv are coefficients of the 4-element 

Burgers model; σ0 is the initial stress; Ek is delay elastic modulus; 

Tk is delay time, Tk=ηk/Ek, and ηk is delay viscosity coefficient; Ek0 

is the instant elastic modulus; ηkv is the viscosity coefficient. 

 
Figure 3  4-element Burgers model 

 

2.5  Relaxation model 

Relaxation properties of viscoelastic materials are generally 

described by a generalized Maxwell model, consisting of a Hooke 

spring and 1 or more maxwell bodies in parallel[24].  As seen in 

Figure 4, the relaxation property of the rice seedling stem was 
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described using a 5-element Maxwell model.  This model can be 

written as follow: 

 1 2/ /
0 1 2 0( ) ( )m mt T t T

m m mt E e E e E            (4) 

where, ε0, Em1, Em2, Tm1, Tm2 and Em0 are coefficients of the 

5-element Maxwell model; ε0 is the initial strain; Em1 and Em2 are 

decay elastic modulus of the first Maxwell body (FMB) and the 

second Maxwell body (SMB); Tm1 and Tm2 are relaxation time of 

the first and the second Maxwell body, Tm1=ηm1/Em1, Tm2=ηm2/Em2, 

and ηm1, ηm2 are decay viscosity coefficient of the first and the 

second Maxwell body; Em0 is the instant elastic modulus.   

2.6  Method 

Creep and relaxation tests on rice seedling stem at 5 stress 

levels (1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 MPa, 3.0 MPa) and 5 

strain levels (1.5%, 2.0%, 2.5%, 3.0%, 3.5%), and there were 10 

repeated tests at each test level.  As shown in Figure 5, the stem 

sample was clamped between the upper and lower fixtures with a 

20 mm pitch.  In the test process, the lower fixture was fixed and 

the upper clamp moved upward at a certain loading rate.  The 

tensile force was measured S-type force transducer, and the 

deformation of the stem sample was the displacement of the 

upper fixture.  Then, the force and deformation of the stem 

sample are displayed on the screen by a computer, and the test 

data was also recorded. 

 
Figure 4  5-element Maxwell model 

 
Figure 5  Schematic diagram of test system 

 

3  Results and discussion 

3.1  Test results 

The creep tests are presented in Figures 6a-6e and the 

relaxation tests are presented in Figures 6f-6j. As seen in Figure 6, 

the creep and relaxation curves were affected by the preset initial 

tensile load.  However, shapes of creep process curves at 

different stress levels were similar, as well as that of relaxation 

process curves at different strain levels.  In the initial stage of 

creep and relaxation, the creep and relaxation rate was larger, but 

with the increase in test time, the creep and relaxation rate 

decreased nonlinearly, and then the creep strain and the relaxation 

stress growth rate tended to be stable and the curve tended to be 

flat. 

 
a. σ0 = 1.0 MPa b. σ0 = 1.5 MPa c. σ0 = 2.0 MPa 

 
d. σ0 = 2.5 MPa e. σ0 = 3.0 MPa f. ε0 = 1.5% 
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g. ε0 = 2.0% h. ε0 = 2.5% i. ε0 = 3.0% 

 
j. ε0 = 3.5% 

Figure 6  Creep and relaxation test curves at different test levels 
 

As seen in Tables 1 and 2, the creep initial strain, creep 

quantity, relaxation initial stress and relaxation quantity at different 

test levels have significant differences (p<0.05).  It could be seen 

from Figure 7a and Figure 8a that the creep initial strain and 

relaxation initial stress linearly increased with the increase in test 

levels.  In Figure 7b, the creep quantity, meaning the strain 

increment after the start of creep, linearly increased with the 

increase of stress as well, which indicated that the rice seedling 

stem had a large amount of creep quantity as the stress increased, 

leading to stronger the deformation ductility of rice seedling stem.  

In Figure 8b, the relaxation quantity, meaning the stress reduction 

after the start of relaxation, also linearly increased with the increase 

of strain, which indicated that the rice seedlings had a large amount 

of relaxation quantity as the strain increased, leading to stronger 

stress recovery of the stem. 
 

Table 1  Creep initial strain and creep quantity at different 

stress levels 

Stress level 
σ0/MPa 

Creep initial strain εe0/% Creep quantity Δε/% 

Rang Mean±SD Range Mean±SD 

1.0 0.77-1.45 1.13±0.188
e
 0.15-0.23 0.18±0.0285

e
 

1.5 1.49-2.19 1.81±0.209
d
 0.29-0.41 0.35±0.0431

d
 

2.0 1.99-2.80 2.45±0.230
c
 0.35-0.55 0.46±0.0696

c
 

2.5 2.76-3.59 3.26±0.295
b
 0.51-0.66 0.58±0.0501

b
 

3.0 3.45-4.14 3.77±0.221
a
 0.67-0.91 0.75±0.0892

a
 

Note: Different lowercase letters in the same column indicate significant 

differences at the 0.05 level. 
 

Table 2  Relaxation initial stress and relaxation quantity at 

different strain levels 

Strain levels 

ε0/% 

Relaxation initial stress σe0/MPa Relaxation quantity Δσ/MPa 

Range Average±SD Range Average±SD 

1.5 1.23-1.76 1.43±0.20
e
 0.27-0.50 0.37±0.074

d
 

2.0 1.42-2.08 1.77±0.19
d
 0.36-0.55 0.45±0.065

c
 

2.5 1.67-2.33 1.96~0.19
c
 0.42-0.53 0.46±0.034

c
 

3.0 2.20-2.76 2.46~0.20
b
 0.51-0.74 0.61±0.070

b
 

3.5 2.42-3.42 2.84~0.31
a
 0.58-0.88 0.74±0.099

a
 

Note: Different lowercase letters in the same column indicate significant 

differences at the 0.05 level. 

3.2  Relationships between creep model parameters and stress 

levels 

To obtain creep model parameters, the curves in Figure 6 were 

fitted by using Equation (3), as shown in Table 3.  Using the 

creep model parameters in Table 3, their relationships with stress 

levels were analyzed, as seen in Figure 9.  In Figure 9a, with the 

increase of stress σ0, the delay elastic modulus Ek remained 

basically unchanged, there was the same phenomenon happening 

on Wang’s[25,26] compression creep test on poplar.  It revealed that 

Ek had little relationship with the stress level, and it was 

considered as a constant value, a similar situation also happened in 

instant elastic modulus, as seen in Figure 9d.  Figure 9b  shows 

that the delay viscosity coefficient ηk had a significant difference 

(p<0.05) at each stress level.  With the increase of σ0, the delay 

viscosity coefficient increased with a nonlinear growth rate, and 

gradually tended to be stable, a similar tendency also happened in 

delay time Tk, as seen in Figure 9c.  The situation in Figure 9b 

revealed that the delay viscosity coefficient was nonlinear positive 

correlated with the stress levels, and the stem had a stronger force 

to resist deformation and viscous resistance as the stress increased, 

resulting in the worse fluidity of the internal structure.  Figure 9c 

shows that the delay time had a nonlinear positive correlation with 

the stress levels, which revealed that the required time for the 

Kelvin element in the creep model to reach the strain equilibrium 

state came to be slower with the stress σ0 increased.  Opposite to 

delay viscosity coefficient ηk, in Figure 9e, the viscosity 

coefficient ηk was followed by a nonlinear reduction trend with a 

decreasing rate of decline.  It showed that the viscosity 

coefficient had a nonlinear negative correlation with the stress 

levels, which indicated that the stem had a weaker force to resist 

deformation and viscous resistance as the stress increased, leading 

to the better fluidity of the internal structure. 

Therefore, the elastic modulus, including delay elastic modulus 

Ek and instant elastic modulus Ek0, of creep test had little 

relationship with the stress level, indicating that the elastic modules 

were the constant property of the seedling stem and hardly 

unchanged with the stress level.  As can be observed in Figures 9a 

and d, the average of the delay elastic modulus Ek and the 
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instantaneous elastic modulus Ek0 were 7.463 MPa and 0.8026 MPa, 

respectively.  However, the viscosity coefficient, including delay 

viscosity coefficient ηk and viscosity coefficient ηk0, and the delay 

time Tk were closely related to the stress level, as shown in Figures 

9b, 9c, and 9e, they could be fitted with 
a

y b
x

   and had a good 

correlation coefficient.  

 
a. Creep initial strain  b. Creep quantity 

 

Figure 7  Relationship between creep initial strain, creep quantity and stress levels 

 
a. Relaxation initial stress  b. Relaxation quantity 

 

Figure 8  Relationship between relaxation initial stress, relaxation quantity and strain levels 
 

 
a. Delay elastic modulus Ek b. Delay viscosity coefficient ηk c. Delay time Tk 

 
d. Instant elastic modulus Ek0  e. Viscosity coefficient ηk0 

 

Figure 9  Relationships between creep model parameters and stress levels 
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Table 3  Creep model parameters at different stress levels 

Stress  

levels 

σ0/MPa 

Delay elastic  

modulus 

Ek/MPa 

Delay viscosity  

coefficient 

ηk/MPa·s 

Delay  

time 

Tk/s 

Instant elastic  

modulus 

Ek0/MPa 

Viscosity  

coefficient 

ηk0/MPa·s 

1.0 6.366-9.623 548.1-1186.0 69.6-173.8 0.686-1.269 16950-40250 

1.5 6.056-8.272 524.0-1319.3 86.5-172.0 0.676-0.978 10930-22010 

2.0 6.106-8.779 831.1-1423.7 110.0-200.1 0.706-0.996 10940-26540 

2.5 6.224-8.725 752.0-1353.2 99.7-170.5 0.692-0.899 11160-18480 

3.0 6.115-8.098 893.4-1359.0 139.0-173.0 0.716-0.858 8081-14510 
 

3.3  Relationship between strain components and stress levels 

In the creep process, while the tensile stress staying unchanged, 

the rice seedling stem strain could be divided into three strain 

components, including elastic strain εe, viscoelastic strain εve, and 

plastic strain εv.  Hence, Equation (3) could be rewritten as: 

 ( ) e ev vt                    (5) 

where, 
0

0

e

kE


  , 

0 /(1 )kt T
ev

k

e
E


   , 0

v

kv

t



 .  When t =1200 s, 

strain components at different stress levels were as showed in Table 

4.  And then, the relationships between strain components and 

stress levels were analyzed, as showed in Figure 10.  In Figure 10, 

the total strain, elastic strain, viscoelastic strain and plastic strain all 

linearly increased with the increasing stress.  The similar 

conclusion also occurred in the study of Gao et al.[9] 

In Table 4, the percentage of elastic strain in the total strain 

was the most, taking up 84%-87%, and it slightly decreased with 

the increasing stress, but no obvious difference.  As for 

viscoelastic strain, its percentage was middle of the three, taking up 

9%-10%, and it also slightly decreased with the increasing stress, 

but with no obvious difference, just the same as that of the elastic 

strain.  Apparently, the percentage of plastic strain was the least, 

taking up 3%-7%, and it increased with the increasing stress, which 

was completely opposite to the elastic strain and viscoelastic strain.  

In other words, the damage to the rice seedling stem increased with 

the increasing stress. 
 

 

a. Total strain  b. Elastic strain 

 

c. Viscoelastic strain  d. Plastic strain 
 

Figure 10  Relationship between strain components and stress levels 
 

Table 4  Comparison of strain components at different stress levels 

Stress levels 

/MPa 

Strain/% Percentage/% 

ε εe εve εv εe/ε εve/ε εv/ε 

1.0 1.31±0.20
e
 1.14±0.18

e
 0.129±0.017

e
 0.042±0.012

d
 86.88±1.43

a
 9.93±1.29

a
 3.19±0.59

c
 

1.5 2.16±0.22
d
 1.83±0.19

d
 0.207±0.021

d
 0.114±0.029

c
 85.05±1.59

b
 9.71±1.37

a
 5.24±1.00

b
 

2.0 2.91±0.27
c
 2.48±0.22

c
 0.273±0.032

c
 0.163±0.036

b
 85.06±1.12

b
 9.39±0.77

a
 5.55±0.89

ab
 

2.5 3.81±0.31
b
 3.26±0.28

b
 0.346±0.032

b
 0.209±0.032

b
 85.42±0.87

ab
 9.08±0.65

a
 5.50±0.84

ab
 

3.0 4.52±0.27
a
 3.81±0.21

a
 0.407±0.036

a
 0.302±0.036

a
 84.34±1.22

b
 9.00±0.53

a
 6.66±1.00

a
 

Note: Different superscript lowercase letters in the same column indicate significant differences at the 0.05 level. 

 

3.4  Relationships between relaxation model parameters and 

strain levels 

To obtain relaxation model parameters, the curves in Figure 6 

were fitted using Equation (4), as showed in Table 5.  Using the 

creep model parameters in Table 5, their relationships with strain 

levels were analyzed, as seen in Figure 11.  In Figure 11a, with the 

increase of strain ε0, the delay elastic modulus Em1 was basically 

unchanged, and there was no significant difference in the delayed 

elastic modulus at each strain level (p<0.05), revealing that the 

delay elastic modulus had little relationship with the strain level, 

and it was considered as a constant value, the similar situation also 

happened in the delay elastic modulus Em2, decay viscosity 
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coefficient ηm1 and instant elastic modulus Em0, as seen in Figures 

11b, 11c and 11g, respectively. In Figure 11d, it showed that there 

was a significant difference (p<0.05) in the delay viscosity 

coefficient ηm2 at each strain level.  With the increase of ε0, ηm2 

increased with a nonlinear growth rate, and gradually tended to be 

stable, the similar tendency could be also observed in the delay 

time Tm1 and Tm2, as seen in Figures 11e and 11f, respectively.  

The situation in Figure 11d showed that ηm2 was nonlinear 

positively correlated with the strain level, and the stem had a 

stronger force to resist deformation and viscous resistance as the 

strain increased, resulting in the worse fluidity of the internal 

structure.  In Figures 11e and 11f, they showed that the required 

time, namely relaxation time Tm1 and Tm2, for the first and the 

second Maxwell body to reach the strain equilibrium state was also 

slower as the strain increased. 

Consequently, the elastic modulus, including delay elastic 

modulus Em1, Em2 and instant elastic modulus Em0, and decay 

viscosity coefficient ηm1 of relaxation test had little relationship 

with the strain levels, indicating that the elastic modulus and ηm1 in 

relaxation model were the constant property of the seedling stem 

and hardly unchanged with the strain levels.  And as seen in 

Figure 11a, 11b, 11c and 11g, they were 0.104 MPa, 0.0965 MPa,    

3.433MPa·s and 0.6268 MPa, respectively.  On the other hand, the 

remaining three relaxation model parameters, including the delay 

viscosity coefficient ηm2 and relaxation time Tm1, Tm2, were closely 

related to the strain levels, as shown in Figures 11d, e and f, they 

could be fitted with 
a

y b
x

   and had a good correlation coefficient. 

 

Table 5  Relaxation model parameters at different strain levels 

Strain levels 

ε0/% 

Decay elastic modulus/MPa Decay viscosity coefficient/MPa·s Relaxation time/s 
Instant elastic modulus 

Em0/MPa 
Em1 Em2 ηm1 ηm2 Tm1 Tm2 

1.5 0.096-0.204 0.063-0.129 1.66-6.03 11.8-43.1 15.8-34.2 157-357 0.569-0.857 

2.0 0.089-0.137 0.077-0.148 1.81-5.27 16.4-43.3 19.5-50.5 170-352 0.524-0.772 

2.5 0.080-0.108 0.063-0.096 1.99-3.85 20.9-38.4 24.8-40.2 251-421 0.488-0.735 

3.0 0.075-0.109 0.083-0.123 2.35-4.27 26.6-51.0 31.5-41.4 350-475 0.542-0.692 

3.5 0.072-0.116 0.081-0.119 2.60-4.52 31.8-53.8 34.7-45.5 351-467 0.525-0.724 

 
a. Decay elastic modulus Em1   b. Decay elastic modulus Em2 c. Decay viscosity coefficient ηm1 

 
d. Decay viscosity coefficient ηm2    e. Relaxation time Tm1   f. Relaxation time Tm2 

 
g. Instant elastic modulus Em0 

Figure 11  Relationships between relaxation model parameters and strain levels 
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3.5  Relationship between stress components and strain levels 

In the relaxation process, while the tensile deformation staying 

unchanged, the rice seedling stem strain could be divided into three 

stress components, including stress in the elastic body σm0, the 

stress in FMB σm1, and stress in SMB σm2.  Hence, Equation (4) 

could be rewritten as: 

 σt = σm0 + σm1 + σm2                (6) 

where, σm0 = ε0Em0, σm1 = ε0Em1e
–t/Tm1, σm2 = ε0Em2e

–t/Tm2.  When t =0 s 

and t =1200 s, relaxation stress was defined as zero-time stress and 

final stress, respectively, and their components at different stress 

levels were as showed in Table 6 and Table 7.  Seen in Table 6 

and Table 7, zero-time stress in the elastic body was the same as 

the final.  But, the final stress in FMB was almost 0 (<10-10 MPa).  

Subsequently, the relationships between stress components and 

strain levels were analyzed, as showed in Figure 12.  In Figure 12, 

zero-time stress and final stress of the components increased with 

the increase of strain. 

In Table 6, the percentage of zero-time stress in the elastic 

body taking up the total stress was the most, about 75%-78%, and 

there was no significant difference between the percentages at 

different strain levels.  As for zero-time stress in FMB and SMB, 

their percentages were almost similar, about 10%-15%.  As seen 

in Table 7, the percentage of the final stress in the elastic body 

taking up the total stress was more than 99%, almost all the stress 

of the rice seedling stem was borne by the elastic body.  On the 

contrary, there was a little final stress borne by the FMB and SMB, 

and the percentage of the final stress in FMB was 0 while that in 

SMB was less than 1%.  Hence, in the relaxation process of the 

rice seedling stem, it was the process of stress reduction in the FSB 

and SMB. 
 

Table 6  Comparison of zero-time stress components at different strain levels 

Strain levels 

/% 

Zero-time stress/(×10
-3

 MPa) Percentage/% 

σ σm0 σm1
 

σm2 σm0/σ σm1/σ σm2/σ 

1.5 1378±183
d
 1034±132

e
 198±51

c
 146±35

d
 75.1±2.7

a
 14.3±2.6

a
 10.6±2.0

b
 

2.0 1713±169
c
 1297±140

d
 208±28

c
 208±39

c
 75.7±2.5

a
 12.2±1.7

ab
 12.1±1.7

ab
 

2.5 1913±184
c
 1479±159

c
 230±21

bc
 204±23

c
 77.2±1.4

a
 12.1±1.2

ab
 10.7±0.8

b
 

3.0 2405±189
b
 1830±168

b
 279±34

b
 295±36

b
 76.1±2.4

a
 11.6±1.0

b
 12.3±1.6

ab
 

3.5 2773±287
a
 2080±211

a
 338±53

a
 354±46

a
 75.1±1.4

a
 12.2±1.1

ab
 12.8±1.1

a
 

Note: Different lowercase letters in the same column indicate significant differences at the 0.05 level.  
 

Table 7  Comparison of final stress components at different strain levels 

Strain levels 

/% 

Final stress/(×10
-3

 MPa) Percentage/% 

σ' σm0' σm1' σm2' σm0'/σ' σm1'/σ' σm2'/σ' 

1.5 1036±133
d
 1034±132

e
 0 1.96±1.86

c
 99.8±0.2

a
 0 0.2±0.2

c
 

2.0 1299±141
c
 1297±140

d
 0 2.43±2.24

bc
 99.8±0.1

a
 0 0.2±0.1

c
 

2.5 1486±160
c
 1479±159

c
 0 7.21±3.03

b
 99.5±0.2

b
 0 0.5±0.2

b
 

3.0 1846±170
b
 1830±168

b
 0 15.93±5.27

a
 99.1±0.3

b
 0 0.9±0.3

a
 

3.5 2100±210
a
 2080±211

a
 0 19.80±5.42

a
 99.0±0.3

c
 0 1.0±0.3

a
 

Note: Different lowercase letters in the same column indicate significant differences at the 0.05 level. 

 
a. Zero-time total stress b. Zero-time/ final stress in elastic body c. Zero-time stress in FMB 

 

d. Zero-time stress in SMB e. Final total stress f. Final stress in SMB 
 

Figure 12  Relationship between stress components and stress levels 
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4  Conclusions 

The following conclusions can be drawn: 

1) Creep and relaxation tests of stem for rice seedlings grown 

in plastic cell tray at different test levels can be described by the 

Burgers 4-element model and the Maxwell 5-element model, 

respectively. 

2) The shapes of creep process curves at different stress levels 

were similar, as well as the relaxation process curves at different 

strain levels.  And the creep initial strain, creep quantity and the 

relaxation initial stress, relaxation quantity significantly increased 

with the increase of stress and strain. 

3) Whether creep test or relaxation test on rice seedling stems, 

there were no significant relationships between the elastic modulus 

and the test levels.  In other words, the elastic modulus is a 

constant attribute of rice seedling stems.  On the contrary, except 

that viscosity coefficient ηkv was a constant and ηm1 decreased with 

the increasing test levels, other viscosity coefficient and rheological 

time nonlinearly increased as the test levels increased.   

4) In the creep test, elastic strain, viscoelastic strain and plastic 

strain taking up total stress were 84%-87%, 9%-10% and 3%-7%, 

respectively.  And total stress, elastic strain, viscoelastic strain and 

plastic strain clearly increased as the stress increased. 

5) In the relaxation test, when t=0 s, the stress in the elastic 

body, the stress in FMB, and stress in SMB taking up zero-time 

total stress were 75%-78%, 10%-15% and 10%-15%, respectively.  

When t=1200 s, stress in the elastic body, the stress in FMB, and 

stress in SMB taking up final total stress were more than 99%, 0 

and less than 1%, respectively.  And zero-time total stress, 

zero-time/ final stress in the elastic body, zero-time stress in FMB, 

zero-time stress in SMB, final total stress and final stress in SMB 

significantly increased as the strain increased. 
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Nomenclature 

MC wet basis moisture content of rice seedling stem (%) 

mw wet weight (g) 

md dry weight (g) 

ρ density (g·cm
-3

) 

m weight (g) 

a macro axis (cm) 

b minor axis (cm) 

l measured length 

σ0 initial stress (MPa) 

Ek delay elastic modulus (MPa) 

Ek0 instant elastic modulus (MPa) 

Tk creep delay time (s) 

ηk delay viscosity coefficient (MPa·s) 

ηkv viscosity coefficient (MPa·s) 

ε0 initial strain (%) 

Em1 decay elastic modulus of the first Maxwell body (FMB, MPa) 

Em2 decay elastic modulus of the second Maxwell body (SMB, MPa) 

ηm1 decay viscosity coefficient of FMB (MPa·s) 

ηm2 decay viscosity coefficient of SMB (MPa·s) 
 

Tm1 relaxation time of FMB (s) 

Tm2 relaxation time of SMB (s) 

Em0 instant elastic modulus (MPa) 

εe0 creep initial strain (%) 

Δε creep quantity (%) 

σe0 relaxation initial stress (MPa) 

Δσ Relaxation quantity (MPa) 

εe elastic strain (%) 

εve viscoelastic strain (%) 

εv plastic strain (%) 

ε total strain (%) 

σm0 zero-time stress in the elastic body (MPa) 

σm1 zero-time stress in FMB (MPa) 

σm2 zero-time stress in SMB (MPa) 

σ total zero-time stress (MPa) 

σm0' final stress in FMB (MPa) 

σm1' final stress in SMB (MPa) 

σm2' total final stress (MPa) 

σ' final stress in the elastic body (MPa) 
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