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Analysis of the breakage characteristics of rice particle beds under confined 
compression tests 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The compression resistance of rice is 
inversely proportional to moisture 
content. 

• The models of breakage rate of rice bed 
under different conditions were 
proposed. 

• There are four main modes of rice 
breakage in the group response. 

• Rice grains are broken because of the 
loss of adhesion between starch grains.  
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A B S T R A C T   

Agricultural materials breakage is quite common under high stress during harvesting, transportation and pro-
cessing. The breakage of particles occur in particle beds, and the interaction between particles makes it more 
difficult to study the breakage characteristics. In this work, the confined compression test method is used to 
analyze the effect of moisture content and stress on the breakage characteristics of rice grains. The results show 
that the ability to resist compressive force of rice particle beds was negatively correlated with moisture content, 
and the breakage rate of rice was positively correlated with stress and moisture content. The breakage rate of rice 
particle beds decreased gradually from top to bottom. There are four broken rice forms after the confined 
compression tests. On the microscopic scale, the mechanism of rice breakage is that the cohesive force between 
starch granules disappears. The results are helpful to understanding the breakage characteristics of rice grains.   

* Corresponding author. 
E-mail address: hanyl@neau.edu.cn (Y. Han).  

Contents lists available at ScienceDirect 

Powder Technology 

journal homepage: www.journals.elsevier.com/powder-technology 

https://doi.org/10.1016/j.powtec.2023.118319 
Received 18 December 2022; Received in revised form 31 January 2023; Accepted 1 February 2023   

mailto:hanyl@neau.edu.cn
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2023.118319
https://doi.org/10.1016/j.powtec.2023.118319
https://doi.org/10.1016/j.powtec.2023.118319
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2023.118319&domain=pdf


Powder Technology 418 (2023) 118319

2

1. Introduction 

Agricultural materials exist in the form of granules in nature, such as 
corn, soybeans and rice [1]. As a consequence of particle-particle or 
particle-equipment interactions, particularly under high compression 
loads, the breakage of materials often occurs in the processing, trans-
portation and storage [2], which will causes a waste of resources and 
economic losses [3]. The crop yields were increased by reducing the 
breakage rate of grain. Unfortunately, although the mechanical device 
has been constantly optimized, the material breakage characteristics are 
not clear, and the material breakage still exists [4]. The studies of par-
ticle groups breakage characteristics can be used to deepen the under-
standing of failure processes and mechanisms. At the same time, it is of 
great significance to food security and increase cereal production. 

Lots of experimental studies into the breakage characteristics of 
particle materials have been presented in literature, which mainly focus 
on two aspects: single particle breakage and inter-particle breakage [5]. 
For the single particle breakage, a variety of breakage characteristics 
were studied, such as breakage modes, breakage behavior and breakage 
condition [6–9]. For example, Han et al. [4] analyzed the breakage 
characteristics of single grain rice in impact and compression tests, 
including compression failure force, breakage modes, and breakage 
probability, and provided a basic reference for rice processing. Saiedirad 
et al. [10] performs quasi-static compression on single seed cumin under 
different conditions, the relationship between the force and energy 
required for cumin seed breakage was proved, these findings provided 
for proper design of harvesting, processing machineries. A single particle 
compression test can be helpful for determining the single granule 
properties and the critical breakage condition for breakage [4,11]. But 
there is considerable discrepancy between breakage characteristics of 
particle bed breakage and single particle. 

On the other hand, more complex breakage characteristics of particle 
beds can be expected owing to the friction and collision between adja-
cent particles [12]. Extensive experimental studies have also been con-
ducted on various particle beds by many researchers. For the inter- 
particle breakage, a variety of breakage characteristics were studied, 
such as resist compression ability, breakage process and breakage 
mechanism [13–15]. For example, Yu et al. [16] experimentally inves-
tigated the evolution and distribution for particle size of the coal particle 
with different temperature and stress, results indicated that both tem-
perature and stress have influence on the crushing characteristics of coal 
particles. Schnoert et al. experimentally revealed that the particle 
breakage characteristic differ with respect to number and size of the 
neighbourghed particles and the stressing situation. Meanwhile, the 
breakage of particle beds was affected by particle size distribution 
[17,18]. Barrios et al. simulated the particle bed breakage process using 
a DEM particle replacement model, the modeling method for particle 
breakage was proposed [19,20]. Most granular materials exist in nature 
as particle groups, thus, the breakage characteristic for particle groups 
was closer to the real processing conditions in comparison with the 
single particle. The fragmentation characteristics was studied of particle 
groups can be helpful to deepen understanding of the breakage process 
of particles, and guide mechanical equipment optimization in engi-
neering applications. Furthermore, the inorganic particles were broken 
manifested mainly as brittle failure, the organic particles were broken 
manifested mainly as elastoplastic failure, which is due to starch and 
protein are present in organic particles. The breakage characteristics of 
particles are affected by the physical properties of particles [9,14,21]. 
The inorganic mineral particles (such as ores, ceramics, Al2O3 and ag-
glomerates) were test in quite lots of studies. As an organic particle, the 
breakage characteristics of particle groups of agricultural materials have 
been scarcely reported. 

For agricultural materials, the breakage process of grain is signifi-
cantly affected by physical properties such as variety, composition, and 
moisture content [10,22,23]. In addition, for different crops, the 
breakage result is often very different and non-reproducible, this is a 

unique characteristic for bio-materials [4]. At present, researchers have 
carried out abundant studies concerning the breakage characteristics of 
single particles of agricultural materials. For example, Figueroa et al. 
[24] made uniaxial compression tests on wheat grains, and analyzed the 
effects of biological structure and water content on the elasticity and 
strength of wheat grains. Li [25] tested the impact crushing of corn 
grains, the breakage characteristics such as breakage mode, critical 
speed and breakage degree are analyzed. In experimental studies on 
single particle breakage characteristics, only one or two contact points 
of particles are considered. Unlike single particle, the contact behavior 
between particles was more complex when particles are broken in par-
ticle groups. Hence, the breakage characteristics of agricultural mate-
rials still needs to be further clarified during particle groups. 

Rice is an important food crop, and in the process of harvesting, 
milling, warehousing, the grains to grains contact was inevitable, 
meanwhile, the rice grains will break under high stress. For example, 
when the brown rice is in the milling stage, the rice grains was breakage 
by high stress in the rice milling cavity, which is an important way of 
rice grain loss [3]. Understanding the crushing mechanism of rice grains 
under high stress, and can provide guidance for the optimization of high 
pressure zone in rice mill. 

The grain deforms and breaks kernels due to high compressive forces 
is an important way of grain quality loss [3]. The tri-axial compression 
was usually used to analyze the breakage characteristics of the grain 
beds under high stress [2,13,16]. Based on this, in this paper, the 
confined compression test is used to analyze the breakage characteristics 
of the rice particle beds. Firstly, the rice particle bed was considered as a 
whole, the ability to resist compressive force, breakage rate and 
breakage process of the rice particle bed was analyzed. Based on this, the 
prediction model of breakage rate of rice grain was proposed under 
different moisture contents and different stress. Then, the broken mode 
of rice grains was analyzed after different conditions. Finally, the SEM 
was used to observe the Micro-morphology of fracture surfaces of 
selected fragments from rice particle beds after the compression test, 
and the influence of stress and moisture content on the breakage of rice 
grains was analyzed to explore the underlying mechanism. The findings 
are useful for providing guidance for the explanation of breakage 
mechanism and optimizing related agricultural equipment design. 

2. Materials and methods 

2.1. Experimental materials 

The rice variety selected for the experiment was the japonica rice 
Dongnong 429 with samples being harvested in October 2021, which 
was provided by the Rice Research Institute, Northeast Agricultural 
University, China. These rice grains were stored at room temperature. 
The initial moisture content of the rice grain sample is 13.54%. It is 
important to note that paddy rice becomes brown rice through the 
shelling process, which is a mixture of whole rice, husk rice and broken 
rice, the whole rice was artificially selected. In addition, the part of the 
rice grains were dyed in different colors by atomized spray paint before 
the experiment, and rice being dyed does not change the physical 
properties [26]. The physical properties of rice grains can be affected by 
changing the moisture content [4]. Therefore, the samples with different 
moisture content are determined and prepared. The rice grains were 
placed in a closed environment with constant temperature and humid-
ity, temperature was a constant 23 ◦C with 60% humidity. The moisture 
content of rice increases by absorbing moisture from the air, rice is 
humidified for different times and thus controlled at different moisture 
contents. In this paper, the rice was humidified for 0 h, 48 h and 96 h, the 
moisture content of rice grains were measured by oven method [27], and 
the final moisture content values was 13.54% ± 0.3%, 16.17% ± 0.4% 
and 18.49% ± 0.3%. The rice grains were sealed and refrigerated after 
humidification was completed. It should be noted that the contact be-
tween rice-rice have no adhesion. 
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2.2. Critical equipment 

A Universal Testing Machine (ZQ-990A Dongguan Zhiqu Precision 
instrument Co., Ltd.) was used to determine the breakage characteristics 
of rice particle beds, which is composed of a rigid base, loading head and 
date acquisition equipment (Fig. 1 (a)). The rigid base support was 
immovable, and the loading head was moved by a servo motor, the 
loading rate range is 0.5–500 mm/min. The development process of 
reaction force versus compression displacement was recorded using date 
acquisition equipment, the interval for data collection was 0.001 s. The 
maximum measuring range for pressure sensor is 2000 N. 

The Eosin Y solution (Solarbio, Beijing, China) was used to analyze 
the location of cortical missing in rice. Standard sieve was used to screen 
broken rice with different grain sizes, the sieve with pore size of 1 mm, 
1.5 mm, 2 mm, 2.5 mm in this work. The Electron Microscope Scanner 
(15KvTM4000j, Hitachi, Japan) was used to observe micro morphology 
of broken rice. 

2.3. Experimental methods 

2.3.1. Confined compression test 
The shape of the rice grain was considered to be ellipsoidal, the same 

batch of rice grains have similar dimensions, meanwhile, the discrep-
ancy in size were ignored as moisture contents effects are negligible [4]. 
The three principal axes of 100 grain rice particle were measured with a 
Vernier caliper (accuracy: ± 0.02 mm), and the average values of the 
measured results are shown in Table 1. The equivalent diameter D was 
calculated by Eq. 1 [28]: 

D =

(
L × (W + T)2

4

)1/3

(1)  

where D is the equivalent particle size, mm, L, W and T were the length, 
width and thickness, mm. The D was calculated as 3.03 mm, on the basis 
of ratio standard in rock mechanics (1:5 or 1:6) [16], the inner diameter 
of the container is required to be larger than 15.15 mm. On this basis, the 
experimental container was selected with 17 mm in inner diameter, 27 
mm in outer diameter, and 50 mm in height. It should be noted that to 
observe the rice grains accumulation and compression directly, a cy-
lindrical container made of transparent high-strength plexiglass were 
adopted. 

The method of the confined compression test is shown in Fig. 1 (b). 
For each test sample, the rice of 9.5 g (± 0.04 g) was gradually fed into 
the container, the pressure indenter was controlled at the loading rate of 
1 mm/min was applied ensuring a quasi-static loading condition. In 
addition, in order to observe the process of breaking up the rice particle 
beds, the stained rice grains are successively placed into containers for 
compression testing, and the same mass of each color rice (Fig. 1 (c)). As 
the pressure value reached the target value, then the broken rice parti-
cles were taken out for sieving, and the quality of rice particles with 
various sizes having been sieved were counted. In this experiment, the 
test stops when the sensor pressure values respectively reach 250 N， 
500 N，750 N，1000 N，1250 N，1500 N. In addition, it needs to be 
emphasized that each experiment was carried out for thrice. 

2.3.2. Handling of broken rice after compression test 
The morphology of the initial broken rice was shown in Fig. 1 (d). 

When rice grains are broken in the confined compression tests, a pene-
trating crack was found inside the rice. Interestingly, the rice grains are 
not separated into two separate fragments, and they are connected by a 
small number of starch granules. In order to ensure the unity of the 
results in the experiment, the broken rice was artificially separated in 
the experiment. 

In this work, the quality of rice grains was counted before 
compression test, mt, g, the whole quality of rice grains was counted 
after compression test, mw, g. The breakage rate (Pb, %) of rice grains 
was calculated by Eq. (2). 

Pb =
mt − mw

mt
× 100% (2) 

Broken rice was screened according to Feed crushing particle size 
determination two layer sieve sieving method (Chinese national 

Fig. 1. Schematic of the confined compression tests for the rice particle beds. (a) The equipment of compression test. (b) The compression process of rice beds. (c) 
Rice grains were dyed for compression testing. (d) The appearance of rice particles after compression test. 

Table 1 
The triaxial size of rice grains with different moisture content.  

Moisture content Length/mm Width/mm Thickness/mm 

13.54% 6.63 ± 0.16 2.33 ± 0.08 1.86 ± 0.08 
16.17% 6.65 ± 0.15 2.35 ± 0.10 1.86 ± 0.11 
18.49% 6.63 ± 0.18 2.34 ± 0.12 1.87 ± 0.10  
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standard, GB/T 5917.1–2008). The test sieve and bottom cover was 
stacked according to the aperture size of the sieve from large to small, 
the samples of rice grains after compression test were put into the top 
sieve, the sample sieve was plane rotation 5 min by artificial, the grains 
of rice on each layer of sieve were collected and weighed after screening 
(the precision is 0.0001 g). The mass fraction of rice grain on each layer 
of sieve Pi (%) was calculated by the following formula: 

Pi =
mi

m
× 100 (3)  

where mi is the mass of rice grains corresponding to the i (i = 1, 2, 3, 4) 
layer, g, m is the total mass of test material, g. The screening process is 
shown in Fig. 2. 

2.3.3. Microscopic observation of rice grains 
The 200 broken rice grains were randomly selected at the end of the 

compression test, and they were photographed one by one with micro-
scope. Then, the 200 rice grains were randomly selected under high 
stress compression, and the Eosin Y solution was used to dye rice grains 
according to Chinese national standard [29], and rice grain is photo-
graphed one by one with microscope. 

After the completion of compression test, four breakage modes were 
found. Typical fragments showing the four types of breakage modes 
were chosen and SEM observations were conducted to investigate 
breakage characteristics from a micro-scale viewpoint. Furthermore, in 
order to analyze the effects of moisture content on breakage mechanism, 
the rice grains with moisture content of 13.54% and 18.49% was 
selected and then SEM. 

3. Results and discussions 

3.1. Compression resistance of rice particle beds 

Fig. 3 summarizes the reaction force versus compression displace-
ment curves from the test results of rice particle beds. It is shown that the 
reaction force increases as compression displacement increases. In 
addition, it is found that most of the test curves can be subdivided into 
three consecutive segments. 

In the first segment, the curve shifts horizontally to the right, initi-
ating from the origin point, indicates the compression displacement 
mainly from rice particle beds compaction, no deformation of rice grains 
due to pressure in this segment. The second segment is characterised by 
a concave rising curve pattern, during which rice particle beds are being 
compressed to a denser state, meanwhile the increase of compression 
displacement more difficult due to the rice particles are deformed. The 
final segment is characterised by a stage ascent curve pattern, Fig. 3 
inset showing the details of stage ascent curve, this can be interpreted as 
the evolution of force chain caused by rice breakage. Random force 
chains are formed within a bed of rice grains in compression test, the 
pressure on the rice particle beds is transmitted by force chains, the force 
chain disappear when the rice grains breakage, and the pressure of the 
rice bed drops. At the same time, a new force chain is formed inside the 
rice particle beds and pressure transfer. This result was similar to the 
result simulation by Kang et al. They show that the pressure at the top of 
the particle bed is transmitted through the force chain within the par-
ticle bed, and particle breakage can also reduce the strength of the force 
chain [30]. 

Moreover, Fig. 3 clearly shown that the reaction forces by the same 
compression displacement from rice particle beds of larger moisture 
content are smaller than those with smaller moisture content. This 
means that the initial moisture content of rice can greatly influence the 
breakage behavior and overall mechanical response of the rice particle 
beds, which can be explained by the higher strain energy and harder 
properties of rice with low moisture content. By assuming the bed of 
granules under confined compression as a series of parallel load-bearing 
columns, Adams et al. [31] proposed a pressure-volume equation as 

Fig. 2. The screening process of broken rice.  

Fig. 3. Load-displacement curves from rice particle beds with different mois-
ture content and the details of wave-like rising curve (inset). 

Fig. 4. ln P vs. strain for rice particle beds and the compression coefficient 
fitting with different moisture content. 

S. Shen et al.                                                                                                                                                                                                                                     



Powder Technology 418 (2023) 118319

5

follows: 

ln(P) = ln
(τ0

α

)
+ αε+ ln(1 − e− αε) (4)  

where P is the compressive stress of the rice particle beds, Pa, τ0 is the 
fracture strength of a single rice, α is a constant of friction coefficient, ε is 
the natural strain calculated by Eq. 5. 

ε = ln
(

h0

h

)

(5)  

where h0 and h are the bed height at applied pressures zero (h0) and P 
(h), mm. It needs to be emphasized that at sufficiently large compression 
displacement, the last term of the Eq. 4 is negligible and can be omitted. 

Therefore, the Admas equation is considered as a straight line when the 
compression displacement is large, and a linear in ln(P) - ε relationship 
can be used to estimate the coefficient of compression of rice particle 
beds. The present test data are convert into the relationship between ln P 
and ε as given in Fig. 4. It is shown that an excellent linear relation exists 
for each set of test data at sufficient large compression strain as pre-
dicted by the Adams equation. The slops of the final linear approxima-
tions are 6.02, 4.07 and 3.20 respectively for the moisture content of the 
rice particle beds grew from small to large, which indicates a larger 
resistance to compression for a rice particle beds with low moisture 
content. Fig. 4 inset showing the coefficient of compression relationship 
with moisture content, and it can be seen within the scope of this study, 
the coefficient of compression decline linearly with the increase of 
moisture content. 

3.2. Breakage rate of rice grains 

Breakage rate is considered to be an indicator that not can be 
ignored, the breakage rate of rice is calculated to help the equipment 
parameters to be modified. It is commonly adopted that breakage rate is 
influenced by intrinsic and extrinsic factors, such as the particle size 
distribution, stress magnitude, stress path, loading time, particle prop-
erties [32]. In this test, the physical properties of the rice were consid-
ered and the breakage rate was analyzed at different stress values and 
moisture contents. 

The breakage rate of rice under confined compression tests is shown 
in Fig. 5. It is shown that the breakage rate is positively correlated with 
pressure and moisture content, which is consistent with the results of the 
breakage study of single grain rice. On the one hand, rice grains are 
deformed due to pressure, and rice grains are broken when the defor-
mation volume reaches the critical condition. On the other hand, some 
studies indicate the variability of grain strength properties mainly 

Fig. 5. The breakage rate of rice particle beds under different compres-
sion stress. 

Table 2 
The fitting parameters of the model for the different moisture content values in 
Eq. 6.  

Moisture content SN α R2 

13.54% 3.399 3.224 0.99 
16.17% 2.047 2.992 0.9949 
18.49% 1.573 2.681 0.9957  

Fig. 6. The breakage rate of rice particle beds under different conditions after confined compression tests. (A: moisture content is 13.54% B: moisture content is 
16.17% C: moisture content is 18.49%). 

Fig. 7. The breakage process of single rice grain in particle beds.  
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depend on the species, internal structure, moisture content, and Han 
et al. [4] passed the compression test of single-grain rice, found the 
compression crushing force decreased from 78.77 N to 32.89 N when the 
moisture content of rice grain increased from 12.5% to 18.5%, this result 
indicates that the rice strength decreases with increasing moisture 
content. 

In addition, it is worthy to note that the breakage rate of the rice 
particle beds increases at different rates with pressure at the same 
moisture content, the breakage rate trend of rice particle beds increases 
faster in the early stage and slower in the later stage. A similar phe-
nomenon was found in the study of homogeneous sand by DE BEER et al. 
[33], in which the increase of breakage probability is obvious when the 
pressure reaches 15 Mpa, and the increase of breakage probability is 
slowly when the pressure reaches 34 Mpa. This result can be interpreted 
as during which particle fragmentation were ongoing, but the 
compression induced rearrangement of fragmented and non-fragmented 
particles led to a more tightly compacted and solid skeleton [2]. 

Additionally, the breakage rate of rice grains conforms to the logistic 
function [34] with the increase of pressure. Thus, Eq. (6) was proposed 
to describe the rice fragmentation rate distribution in Fig. 5. 

Pr = 1 −
1

1 +
(

S
SN

)α × 100% (6) 
Fig. 8. Average particle size (Ds) distribution of broken rice under 
different stresses. 

Fig. 9. Schematic diagram of crack path of broken rice. (a) The triaxial coordinates of rice grain. (b) The four modes of crack paths.  
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Fig. 10. The distribution of broken patterns of rice grains. (a) After confined compression of rice particle beds (b) After compression of single rice [4].  

S. Shen et al.                                                                                                                                                                                                                                     



Powder Technology 418 (2023) 118319

8

where Pr denotes the breakage rate of rice particle beds, %, S is the stress 
on the rice bed, Mpa, SN and α are the parameter of fitting, their values 
are related to the strength of rice grains. The fitting parameters of the 
model for the different moisture content values are listed in Table 2. All 
R2 are above 0.99, which indicates that Eq. (6) provided a close fit to the 
experimental data in Fig. 5. 

3.3. The breakage process of rice 

The breakage rate of rice under different stress was used to indicate 
the broken process of the rice particle beds. Rice grains of different 
colors are layered into containers (Fig. 1 (c)), the pressure transfer 
mechanism in the rice particle beds is analyzed by measuring the 
breakage rate of different colored rice layers. The breakage rate of each 
layer of rice under different pressure is shown in Fig. 6. As can be seen, 
for all cases, breakage rate is greatest on the top layer and decreases with 
depth into the rice particle beds. A reasonable explanation is that when 
the rice particle beds was confined compression tests, the porosity of the 
rice grain layer increases gradually from top to bottom in the stress, and 
the deformation of rice grains decreases from top to bottom, the rice 
grains are broken when the deformation reaches a critical condition. 
From this result, it is inferred that the transfer law of stress within the 
rice grain group, the stress gradually decreases from the top to the 
bottom in the rice particle beds. This is in agreement with simulation 
results from Djordjevic et al. [35], they thought that failure within the 
particle bed will progress from the crushing surface towards the depth of 
the bed. 

The typical broken morphology of particle is usually used to indicate 
the broken process of particles [25]. Therefore, the typical broken 
morphology of rice grains in particle beds was analyzed, and the results 

are shown in Fig. 7. The results show that the breakage of rice grains is 
divided into three typical stages. The first stage is the rice grain is 
deformed and there is no obvious crack in the interior at low stress 
(Fig. 7 b), the second stage is a penetrating crack appears in the interior 
of rice with the increase of stress, and the rice was divided into two 
broken grains (Fig. 7 c), The third stage is the broken rice is divided into 
more fragments and smaller particle size under higher stress (Fig. 7 d). 

Because of the more tiny fragments are present in the broken rice 
(Fig. 7 d), the particle size distribution of rice after breakage was used to 
characterize the degree of breakage of the rice particle beds in confined 
compression test [36]. The particle size distribution of broken rice is 
quantified by the average particle size (Ds) of broken grains [37], the 
smaller the value, the greater the degree of breakage. 

DS =

∑
(Psds)
∑

Ps
(7)  

where Ds is the average particle size of broken rice, mm, ds is the size of 
mesh screen with different aperture, mm, Ps is the percentage content of 
broken rice corresponding to ds, %. The average particle size of broken 
rice under different conditions is shown in Fig. 8. It is shown that the 
breakage degree of rice increases with the increase of stress value and 
moisture content. Therefore, in some special cases, such as the rice was 
crushing by rollers, the crushing efficiency is improved by increase the 
moisture content of rice grains appropriately and apply higher pressure 
to the grains of rice. 

3.4. Breakage mode of rice in the confined compression test 

In order to observe the breakage model of rice grains，the crack path 
of the broken rice is recorded and the different breakage model are 

Fig. 11. The contact point distribution of rice grains under confined compression test. (a) The rice grains are stained by eosin Y solution (b) Contact point position 
statistics of rice grains. 
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classified accordingly. Rice is considered a triaxial ellipsoid with its X- 
axis, Y-axis and Z-axis is shown in Fig. 9 (a), and the broken rice was 
divided into 4 breakage modes by breakage path in Fig. 9 (b). It should 
be noted that the breakage mode of rice is considered only when there is 
a penetrating crack inside the rice grain, which is because the fragments 
of rice grains become powdery at higher stresses. 

Fig. 10 (a) shows the proportion of breakage mode of rice particles 
under different moisture content in the confined compression tests, it 
can be seen the breakage model distribution of rice grain with different 
moisture content was basically the same. Among all types, type I 
accounted for 60%, type II accounted for 20%, type III accounted for 
13%, and type IV accounted for 7%. The results show that the breakage 
mode of rice grains has nothing to do with moisture content. The reason 
for this result is that the triaxial size and critical deformation condition 
of rice grains are not changed by moisture content [4], and the contact 
between rice grains of different moisture content is consistent in the 
container. 

In addition, Fig. 10 (b) shows the breakage model of single grain rice 
in our previous research [4]. It can be seen that rice particles often break 
into three or four pieces in compression tests. Compared with Fig. 10 (a) 
and Fig. 10 (b), the result shows that the breakage mode of rice under 
confined compression is quite different from that of single grain rice. 
Based on the fact that rice grains are compressed under different test 
(uniaxial compression and confined compression), we guess that the 
number and location of contact points of rice grains may result in 
different breakage models. 

Some studies indicate that the crack path always extend along the 
stress point when the particles are broken [38].Therefore, the contact 
point between rice grains can be used to explain different breakage 
mode to a certain extent. In the confined compression test of the rice 
particle beds, the bran layer at the contact point between rice grains is 
removed under stress, as well as the starch particle was exposed, and the 
starch is changed to red in eosin Y solution [29]. The staining method is 
used to observe the contact point of rice grains. 

Fig. 11 shows the process of rice grains being stained to observe 
contact points. Fig. 11 (a) shows the morphology of rice grains stained 
with eosin Y solution, and the position of the contact point is counted by 
MATLAB, the result is show in Fig. 11 (b). It is found that for the 
confined compression test cases, the contact points between rice grains 
are more concentrated in the middle of the side, and it decreases from 
the middle to the periphery. The result is that the breakage path of the 
grain is more likely to occur in the middle of the grain. The difference is 
that the single grain rice is broken under compression test, the contact 
points of rice grains is only in the middle of the side, and the result is that 
the rice grain breaks in three or four pieces due to tensile stress [4]. This 
is consistent with the phenomenon in Fig. 10. 

It should be emphasized that the contact point is not the only basis 
for the breakage mode, and there are many reasons for different 
breakage modes of particles, such as the stress strength of the contact 
point and the compressive strength of different positions of rice grains. 
Because these factors are not easy to obtain through experiments, thus it 
needs to be further explore in the subsequent studies. 

Fig. 12. SEM micrographs of typical surfaces of rice fragments after compression tests. (a) Microscopic display of type I. (b) Microscopic display of type II. (c) 
Microscopic display of type III. (d) Microscopic display of type IV. 
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3.5. SEM test of rice grains 

Brown rice consists of endosperm and embryo. The embryo is 
roughly 1–3% by weight of the total grain [39] and is located at the basal 
end on the ventral (abaxial) side of the grain, embryo was considered 
that it does not affect the breakage characteristics of rice grains. The 
aleurone layer is the outermost layer of the endosperm, which only a few 
cells are thick in rice grains [39].The starchy endosperm constitutes the 
largest portion of the rice grain, mature tissue consists of thin-walled 
parenchyma cells, usually radially elongated, filled with compound 
starch granules and protein bodies [39,40]. As mentioned earlier, the 
decisive factor of the crushing characteristics of rice grains is the starchy 
endosperm. 

Fig. 12 presents typical SEM photos of fracture surfaces of selected 
fragments from rice particle beds after the compression tests. The results 
show that two kinds of appearances are on the fracture surfaces of 

fragments in each type, one is complete composite starch granules, and 
the other is individual starch granules. Among them, the smaller indi-
vidual starch granules are not crushed, this means that the particle 
breakage in the compression test was mainly caused by bond is broken 
between starch granules. 

Fig. 13 shows that SEM photos of fracture surfaces of rice grains with 
different moisture content. It is found that the starch granules are closely 
arranged at low water content, and there is no obvious gap in the starch 
endosperm. However, the gap between starch granules can be clearly 
observed in the rice grains with high moisture content. This means that 
higher energy input is needed to destroy the bonding force between 
starch granules in rice grains with low moisture content, such an 
observation bears great similarity with the SEM test by Utsunomiya et al. 
[41], after the rice grains absorb water, in which the spaces between 
individual starch granules within a compound granule are due to 
swelling and subsequent shrinkage. 

The aforementioned studies presented that the deformation of rice 
grains occurs under the force, the bonding force between starch granules 
are destroyed in endosperm, and the tiny cracks occur inside the rice 
grains. The rice grains are broken when the deformation reaches a 
critical condition, and the through cracks appeared inside rice grains. 
The moisture content of rice grains was increased, causing bonding force 
between starch granules to decrease, thus the strength of rice grains was 
reduced. 

3.6. Discussions 

In this paper, the rice particle beds was subjected to a confined 
compression test, the breakage characteristics of rice grains in the par-
ticle beds was analysis, the breakage mechanism of rice grains was 
elucidated, and this work provides theoretical guidance for optimize 
agricultural equipment. For example, we can explain the causes of 
broken rice in rice processing according to the compression breakage 
mechanism of rice grains proposed in this paper. Based on the breakage 
rate prediction model of stress and moisture content, the processing 
quality can be judged in advance according to the physical parameters of 
rice grains and equipment operating parameters. This is conducive to 
appropriately adjusting the operating parameters (such as feed flow rate 
and opening of pressure valve) of the processing machinery in advance. 
Nevertheless, it is difficult to understand the particle deformation and 
breakage process of rice grain at micro scale through physical experi-
ments. Jiang et al. analyzed the ceramic materials by three-dimensional 
refined finite element simulations, the particle breaking behavior was 
explained from the perspective of micromechanics [42]. Kempton et al. 
used the sub–particle DEM model to simulate the deformation of a bed 
filled with wax particles under load [13]. In order to further under-
standing the rice grains breakage mechanism, the micromechanical 
properties of rice grain in the compression process need to be studied by 
numerical simulation method in the subsequent work. 

4. Conclusion 

In this study, confined compression experiments with rice particle 
beds of different moisture content were conducted. The resist 
compression capacity, breakage rate and breakage process of rice grain 
beds were mainly analyzed. In addition, the breakage mode of rice grain 
under confined compression was discussed, and the causes of the 
breakage model were summarized. Furthermore, the rice grains 
breakage mechanism in different moisture content and stress was 
revealed by observing the microstructure of the broken surface of rice 
grains. The main findings can be summarized as follows: 

• The mechanical properties of rice particle beds are related to mois-
ture content. The resist compression capacity decreases of rice par-
ticle beds with the moisture content increases. The stress gradually 
decreases from the top to the bottom along the compression direction 

Fig. 13. Microscopic display of rice fragments with different moisture content. 
(a) Moisture content is 13.54%. (b) Moisture content is 18.49%. 
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in the rice particle beds. Meanwhile, the prediction model of rice 
breakage rate under different conditions was established, which 
provided a method for judge rice loss in advance.  

• There are four main breakage modes of rice grains under the 
confined compression test, and the formation of breakage mode is 
independent of moisture content. Meanwhile, the crack path of rice 
grains is affected by the contact points between rice grains.  

• In a confined compression experiment of rice particle beds, the 
breakage of rice grain was happened because bonding force between 
starch granules in the endosperm was destroyed. The bonding force 
between starch granules decreases with the moisture content of rice 
grains increases. The stress increases lead to deformation of rice 
grains, the bonding force between starch granules is destroyed due to 
the tensile stress, and penetrating crack appears inside the rice grain. 
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