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HIGHLIGHTS GRAPHICAL ABSTRACT

e Three-dimensional particle shapes were
obtained by X-ray microcomputed
tomography.

e Particle shape effect on static/cyclic
behavior of granular materials was
studied.

e Effect of roughness on static/cyclic
behavior of granular materials was
studied.

e Special mechanical behavior of the ce-
reals with surface-adhered starch were
studied.

Monotonic triaxial test Cyclic triaxial test

ARTICLE INFO ABSTRACT

Keywords: Particle morphology, as intrinsic properties of granular materials, significantly affects the mechanical response of
Granular material granular materials, but little attention has been paid to cyclic response together with monotonic behavior. In this
Particle shape study, six cereals with similar grain sizes but different shapes were selected as testing materials due to their
Surface characteristics . e . . . . . : .
triaxial test minimal variation in particle morphology. First, three-dimensional particle shapes of six cereals were obtained
Cyclic behavior using X-ray microcomputed tomography (UCT). Then, a series of monotonic and cyclic triaxial tests were con-
Friction angle ducted on all cereals with and without staining. The staining could effectively eliminate the surface characteristic
Accumulated volumetric strain differences among six cereals, enabling them to be employed to better investigate particle shape effects.
Meanwhile, since the surface characteristics of cereals, such as surface roughness and surface-adhered starch,
underwent significant changes after staining, their effects could also be analyzed by comparing the results of
cereals before and after staining. Repose angle tests were conducted to investigate changes in the surface
roughness of six cereals after staining, which showed that staining had no significant effect on the surface
roughness of mung but significantly increased it for all other cereals. Triaxial test results showed that the peak
friction angle decreased with increasing particle shape regularity and decreasing surface roughness, while
accumulated volumetric strain during cyclic tests decreased under both conditions. Furthermore, the cereals with
surface-adhered starch exhibited quite different mechanical behavior than conventional granular materials. The
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starch bond under confining pressure significantly enhanced their shear strength and reduced their compress-
ibility. However, the specimens experienced an abrupt strength reduction and volume contraction when the
deviatoric stress reached the critical threshold of starch bond rupture, which required special attention during
the storage and transportation of cereals.

Notations

Cc convexity

D, equivalent diameter

Drimaxs Drmeds Drmin- maximum, medium and minimum Feret
diameters

D, relative density

EI, FI elongation and flatness indices

G; specific gravity

k average slope of single-particle compression curves

Neye cyclic number

OR overall regularity

P mean principal stress

q deviatoric stress

qr peak deviatoric stress

R roundness

S sphericity

& axial strain

&, volumetric strain

Evac accumulated volumetric strain
n stress ratio

0, angle of repose

Pmins Pmax Minimum and maximum dry densities

01, 03 major and minor principal stresses
Pes critical state friction angle

p peak friction angle

Winax maximum dilatancy angle

1. Introduction

Granular materials are prevalent in nature and daily life, with ap-
plications spanning agriculture, geotechnical, pharmaceuticals, and
catalysis engineering [1,2]. Granular materials act as discrete media,
with their mechanical behavior arising from interactions between in-
dividual particles. Therefore, the characteristics of individual particles,
such as particle size, shape and surface roughness, have a critical effect
on the macroscopic mechanical behavior of granular materials [3,4].
Granular materials with different particle size distributions can be easily
obtained using sieve analysis, and its effects have been extensively
studied.

It is relatively difficult to study the effect of particle shape and sur-
face roughness on the mechanical behavior of granular materials by the
experimental approach. A common experimental approach to study the
effect of particle shape involves preparing samples by mixing the round
and angular granular materials, and the specimens with different par-
ticle shape can be obtain by changing the content of the round and
angular particles [5-10]. For example, Shinohara and Golman [11]
conducted a series of triaxial compression tests on the angular stainless-
steel powders to investigate the effect of particle shape on the internal
friction angle of fine powders, and found that the internal friction angle
increased with increasing particle angularity and decreasing initial void
ratio. Altuhafi et al. [12] compiled a database of the mechanical
behavior of 25 natural sands, and found that the soils with lower aspect
ratio had a higher critical state friction angle and the critical state fric-
tion angle became lower for more spherical particles. Xiao et al. [13]
carried out a series of drained triaxial compression tests on sands mixed
with angular and rounded glass beads of different proportions. The re-
sults showed that the peak friction angle decreased with increasing
overall regularity, and the slope of the relationship between the peak
friction angle and maximum dilatancy angle was independent of the
particle shape. The sandblasting or milling techniques were usually used
to obtain the particles with different surface roughness, and the effect of
surface roughness on the mechanical behavior of granular materials can
be analyzed by comparing their test results [14-17]. Li et al. [18] carried
out the triaxial compression tests on six types of granular materials with
different particle shapes and manually adjusted surface textures. The
test results showed that the shear strength increased with increasing
surface roughness, which is more significant in irregular particle

materials. Miao et al. [19] obtained the spherical glass beads with
different surface roughness using sandblasting technology and per-
formed a series of triaxial consolidation-drained tests on them. They
found that as particle surface roughness increased, the peak deviatoric
stress significantly raised and the softening behavior of the stress-strain
curves was more obvious. However, the particle shape or surface
roughness of granular materials in previous experimental studies are
usually within a certain range rather than a definite value, and the ef-
fects of particle shape or surface roughness distributions on test result
analysis are difficult to eliminate. Furthermore, the two-dimensional
shape parameters were used in most experimental studies due to the
difficulty of capturing the three-dimensional particle shape of granular
materials, which somewhat affects the reliability of the conclusions.

To overcome the limitations of the laboratory experiments, some
researchers adopted the discrete element method (DEM) to study the
effect of particle shape [20-31] and surface roughness [32,33] on the
mechanical behavior of granular materials. Xu et al. [34] adopted the
method combining Fourier shape descriptors and random field in 3D
DEM simulation to generate complex shaped particles, and found that
the dilation and shear strength of the granular materials increased with
increasing irregularity and elongation. Nie et al. [35] used a multi-
sphere method to model the three-dimensional irregular particles in
3D DEM simulation, and found that the shear strength generally
decreased and the volumetric strain linearly and monotonically
decreased with increasing roundness. Ali and Kikumoto [36] systemat-
ically investigated the effects of particle roundness and aspect ratio on
the macro and micromechanical behaviors of granular materials using
2D DEM model. The simulation results showed that the shear strength
monotonically increased with decreasing roundness, but the effect of
aspect ratio on shear strength was non-monotonic and the shear strength
reached the maximum value at about 0.7 aspect ratio. Fan et al. [37]
investigated the dependence of shear behaviors of granular materials on
particle multi-level morphology, and found that the peak and critical
state friction angle increased with increasing angularity indices and
roughness. Although some valuable findings acquired from the discrete
element method (DEM), the simulation results are always less reliable
than experimental results.

The cereals may be suitable experimental subjects to study the effect
of particle shape on the mechanical behavior of granular materials. The
agricultural grains with different particle shapes can be easily found in
nature, and those of the same variety exhibit minimal variations in both
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Fig. 1. Photos of cereals (a) original particles and SEM images (b) particles after staining.

size and shape. Furthermore, current research on the mechanical
behavior of crop grains remains at a relatively early stage, with exper-
iments predominantly employing direct shear tests [38-45]. Exploring
the mechanical behavior of cereals under triaxial stress state is also
helpful for the transportation and storage of food crops in agricultural
engineering.

Therefore, six types of cereals with different particle shapes were
selected as the experimental subjects in this study, and their three-
dimensional particle shapes were obtained using X-ray microcomputed
tomography (pCT) technology. Besides the monotonic triaxial tests, one-
way stress cyclic, two-way stress cyclic, and strain cyclic triaxial tests,
which have been rarely investigated, have also been conducted. The
surface roughness of cereals was standardized using staining method,
and the effect of particle shape were analyzed by comparing the test
results of stained cereals. Furthermore, the effect of surface character-
istics could be analyzed by comparing the test results of cereals before
and after staining. It is hoped that the findings of this experimental
program could promote the research of granular materials and shed
some light on the transportation and storage of food crops in agricultural
engineering.

2. Testing program
2.1. Test materials and apparatus

To investigate the effect of particle shape on the monotonic and
cyclic mechanical behavior of granular materials, six types of cereals
including mung, buckwheat, short-grain rice, long-grain rice, coix and
lentil were used in this study. The mung, buckwheat, short-grain rice,
long-grain rice, coix and lentil were sourced from Hebei, Liaoning,
Anhui, Liaoning, Hebei and Gansu Provinces in China, respectively. The
mung was used as the control group, which was approximately spherical
in shape. The buckwheat and coix particles had distinct edges and
grooves, respectively. The particle shapes of rice and lentil were elon-
gated and flattened, respectively. The detailed particle shape analysis is
presented in the next subsection. Fig. 1(a) shows the photos of six types
of cereals, as well as 1000 times SEM images of their surfaces. It can be
observed that there was a significant difference in the surface charac-
teristics of six types of cereals. Therefore, those cereals were stained
using acrylic paint to standardize their surface characteristics, and the
stained particles (as shown in Fig. 1(b)) were used as research objects to
study the effect of particle shape on the mechanical behavior of granular
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Table 1
Physical properties of six types of cereals.
Type of agricultural Minimum dry Maximum dry Specific
particle density ppmin (8/ density pmax (8/ gravity G
em®) em®)
Original 0.805 0.932
Mung After 0.749 0.785 1.348
staining
Original 0.769 0.839
Buckwheat Aft.er. 0.686 0.807 1.295
staining
. Original 0.946 0.995
Short-grain
rice After 0.741 0.881 1.450
staining
Long-grain Original 0.824 0.943
rice After 0.714 0.842 1479
staining
Original 0.729 0.871
Coix Aft'er' 0.665 0.802 1.429
staining
Original 0.864 0.898
Lentil Aft'er' 0.667 0.815 1.410
staining

materials. In addition, the effect of surface characteristics on the me-
chanical behavior of granular materials was also investigated by
comparing the test results of original and stained particles.

The minimum and maximum dry densities (pmin and pmqex) of the
original and stained six types of cereals were measured according to
ASTM D4253-16 [46] However, due to the high water absorption ca-
pacity of cereals, the traditional method was not suitable to measure the
specific gravity (Gs) of cereals. In this study, the volume and mass of
cereals (V, and my) were measured using X-ray microcomputed to-
mography (uCT) and a balance with a resolution of 0.001 g, respectively,
and the specific gravity can be determined by way of Gy = mg/V,.
Finally, the physical properties of six types of cereals are shown in
Table 1. It can be observed that the minimum and maximum dry den-
sities of cereals reduced after staining. Furthermore, the specific gravity
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of the six cereals varied slightly. However, the relative density of the six
cereal specimens remained consistent in this study, so the difference in
their specific gravity will not affect the findings.

A series of single-particle compression tests were performed on six
types of cereals to ensure that their stiffnesses were similar. In the single-
particle compression tests, the cereal particles were placed between two
rigid plates and loaded at a rate of 0.1 mm/min. Their single-particle
compression curves are shown in Fig. 2. During the initial loading
stage, the cereal particles exhibited approximately elastic deformation,
and the slope of their compressive curve was closely related to their
particle stiffness. It can be found that the average slope (k) of the
compression curves for six types of cereals ranged from 280 N/mm to
415 N/mm, which indicated that the six types of cereals had similar
stiffnesses and their test results were comparable.

The apparatus used in the triaxial tests was the KTL-DYNTTS dy-
namic triaxial apparatus (Geotop Technology Zhejiang Limited, Zhe-
jiang, China), as shown in Fig. 3. The apparatus was composed of
confining and back pressure controllers, displacement/force/water
pressure sensors, loading devices, and a data acquisition system. The
sensors for confining, back, and water pressure had a maximum range of
2000 kPa, with an accuracy of 0.2 kPa. The maximum axial force and

Data acquisition system

Confining and back
pressure controllers

Main frame of the triaxial
apparatus

Fig. 3. Triaxial test apparatus.
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Fig. 4. 3D reconstruction of cereals (a) mung (b) buckwheat (c) short-grain rice (d) long-grain rice (e) coix (f) lentil.

displacement were 10 kN and 100 mm, with force and displacement
(LVDT) sensor accuracies of 0.001 kN and 0.01 mm, respectively. The
volumetric strain was measured by the water change in back or cell
pressure controllers with an accuracy of 0.001 ml. All the transducers
were calibrated, and the errors were within 0.1 %. In addition, the
diameter and height of the specimens were 50 mm and 100 mm,
respectively, and the membrane thickness was 0.3 mm.

2.2. Particle shape analysis

An X-ray microcomputed tomography (uCT) apparatus XT H 225 ST
from The Hong Kong Polytechnic University, manufactured by Nikon
company was employed to examine the three-dimensional particle
shapes of six types of cereals. CT scanning tests with 39 pm pixels were
performed on each of the six types of cereals, and more than 200 par-
ticles were tested for each agricultural particle. The particles were
reconstructed using the GeoVision method proposed by Li et al. [47-49],

and partial 3D reconstruction of six types of cereals is shown in Fig. 4.
Their surface files in STL format can be found in the Supplemental
Materials, which may be useful for the discrete element simulation of
cereals. The triangular surface meshes representing cereal particles
comprised approximately 5000 elements.

Four particle size parameters (i.e., maximum, medium and minimum
Feret diameter Dgyax, Drmed and Dppin, and equivalent diameter D,) and
five shape parameters (i.e., elongation EI, flatness FI, sphericity S, con-
vexity C and roundness R) were employed to describe the three-
dimensional grain characteristics of cereals. Elongation EI and flatness
FI are the ratio of the medium and minimum Feret diameter to the
maximum Feret diameter, respectively [50]. Sphericity S is the ratio of
the surface area of equivalent sphere to the actual particle surface area
[51]. Convexity C is the ratio of the actual particle volume to the volume
of convex hull [51]. Roundness R [52] is the ratio of the average radius
of corner spheres of the particle to the radius of the maximum inscribed
sphere. Table 2 shows the three-dimensional particle size parameters of
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Table 2
Three-dimensional particle size parameters of cereals.
Particle size parameters Mung Buckwheat Short-grain rice Long-grain rice Coix Lentil
Mean value 5.540 4.457 4.490 6.553 5.825 5.931
Maximum Feret diameter Dpqx Standard deviation 0.374 0.374 0.246 0.480 0.502 0.372
Variation coefficient 0.067 0.084 0.055 0.073 0.086 0.063
Mean value 4.385 3.598 2.825 2.098 5.514 5.618
Medium Feret diameter Dppeq Standard deviation 0.270 0.287 0.159 0.159 0.487 0.297
Variation coefficient 0.062 0.080 0.056 0.076 0.088 0.053
Mean value 3.997 3.341 2.108 1.876 4.125 2.624
Minimum Feret diameter Dpyin Standard deviation 0.220 0.253 0.117 0.136 0.417 0.159
Variation coefficient 0.055 0.076 0.056 0.072 0.101 0.061
Mean value 4.521 3.386 2.847 2.845 4.447 4.191
Equivalent diameter D, Standard deviation 0.251 0.226 0.127 0.120 0.402 0.179
Variation coefficient 0.056 0.067 0.045 0.042 0.090 0.043
Table 3
Three-dimensional particle shape parameters of cereals.
Particle shape parameters Mung Buckwheat Short-grain rice Long-grain rice Coix Lentil
Mean value 0.794 0.810 0.630 0.322 0.947 0.948
Elongation EI Standard deviation 0.054 0.061 0.038 0.036 0.035 0.028
Variation coefficient 0.068 0.075 0.060 0.112 0.037 0.030
Mean value 0.723 0.752 0.470 0.288 0.709 0.443
Flatness FI Standard deviation 0.040 0.051 0.026 0.029 0.049 0.034
Variation coefficient 0.055 0.068 0.055 0.101 0.069 0.077
Mean value 0.915 0.874 0.867 0.720 0.654 0.812
Sphericity S Standard deviation 0.041 0.044 0.012 0.026 0.084 0.019
Variation coefficient 0.045 0.050 0.014 0.036 0.128 0.023
Mean value 0.982 0.968 0.984 0.987 0.770 0.981
Convexity C Standard deviation 0.011 0.025 0.006 0.005 0.056 0.006
Variation coefficient 0.011 0.026 0.006 0.005 0.073 0.006
Mean value 0.815 0.673 0.807 0.833 0.696 0.648
Roundness R Standard deviation 0.061 0.051 0.033 0.023 0.037 0.031
Variation coefficient 0.075 0.076 0.041 0.028 0.053 0.048
OR = (FI+ FI/EI + S + C + R)/5 0.870 0.839 0.775 0.745 0.715 0.671

cereals. The equivalent diameters of six types of cereals were within the
range of 2.5 mm to 5.0 mm, which indicated that the six types of cereals
had similar particle size and their test results were comparable.

Table 3 shows the three-dimensional particle shape parameters of
cereals, and the smaller particle shape parameters represent more
irregular particle shapes. As shown in Table 3, the particle shape of
mung was relatively regular. The buckwheat had a smaller roundness R.
The short-grain and long-grain rice had smaller elongation EI and flat-
ness FI. The coix had smaller sphericity S and convexity C. The lentil had
smaller flatness FI and roundness R. Following a comprehensive com-
parison, the overall regularity OR [= (FI + FI/EI + S + C + R)/5] was
used to characterize the comprehensive shape of cereals. The overall
regularity OR ranges from O to 1, with a smaller value indicating a
greater irregularity in particle shape. According to the degree of shape
irregularity, the mung, buckwheat, short-grain rice, long-grain rice, coix
and lentil were labeled as AP1, AP2, AP3, AP4, AP5 and AP6. Further-
more, the standard deviations and variation coefficients of all particle
size and shape parameters in Table 2 and Table 3 were small, which

Table 4
Test parameters of monotonic and cyclic triaxial tests.

meant that the particle size and shape distributions of cereals were
pretty uniform.

2.3. Testing methods

The triaxial tests included the monotonic, one-way stress cyclic, two-
way stress cyclic and strain cyclic tests of six types of cereals, both
original and stained cereals. Since cereal particles soften upon contact
with water, all specimens were dry and were prepared according to the
standard ASTM D7181 [53]. The specimens were then consolidated
under isotropic pressure until primary consolidation was finished. The
subsequent tests were conducted according to the test protocols in
Table 4. The exhaust valve was opened during the shearing process and
the specimen volume could change. Since no pore water drainage
occurred, the volumetric strain of the specimens was measured by the
water volume change in confining pressure chamber. The axial strain
rate of the monotonic tests was 0.2 %/min, and the frequency and the
cycle number of the cyclic tests were 0.1 Hz and 100, respectively. The

Type of triaxial test Type of agricultural particle Relative Confining pressure Cyclic Cyclic axial
density D, (kPa) deviatoric strain (%)
stress (kPa)
Max. Min. Max. Min.
Monotonic test 25; 50; 100 - - - -
One-way stress 50 60 10
cyclic test Original: Mung (AP1); Buckwheat (AP2); Short-grain rice (AP3);
Two-way stress g ’ Long-grain rice (AP4); Coix (AP5); 80 %
. Stained ’ 50 25 -25 - -
cyclic test Lentil (AP6)
-1
Strain cyclic test 50 - - 1%

%
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low frequency used in the cyclic tests was to avoid the boundary effect
during dynamic testing [54,55]. Notably, since particle morphology
influences the maximum and minimum void ratios, cereal specimens
with different shapes may exhibit distinct dense states at the same void
ratios. Therefore, relative density was maintained consistently in this
study. In addition, the particle size distribution curves of the specimens
after testing were measured through sieve analysis. The results shows
that the gradation curves of all six grain specimens remained un-
changed. This indicated that particle breakage can be neglected in this
study.

3. Repose angle test results

Before the triaxial tests, the effect of particle shape and surface
characteristics on the repose angle of cereals was investigated. The
funnel method was employed to measure the angle of repose of cereal
particles, with the procedure conducted as follows: First, the bottom
valve of the funnel was sealed, and cereal particles were filled into the
funnel. Subsequently, the bottom valve was opened to allow particles to
free-fall onto the base plate. Finally, after particles completely ceased
moving, the inclination angle of the formed pile was measured. The test
was repeated five times to ensure result reliability, and the angle of
repose of the cereal particles was taken as the mean value of the five
measurements. The test results of original and stained cereals are shown
in Fig. 5 and Fig. 6. As shown in Fig. 6, the repose angles of stained
cereals decreased with increasing the overall regularity, which indicated
that when the surface characteristics were similar, the more irregular
the particle shape was, the larger the repose angle was. A comparison of
repose angles of cereals before and after staining showed that staining
had no significant effect on the surface roughness of mung but signifi-
cantly increased it for all other cereals.

4. Monotonic mechanical behavior
4.1. Effect of particle shape

Figs. 7(a) and (b) show the monotonic deviatoric stress-volumetric
strain-axial strain relationships of the stained cereals. The soft cereals
exhibited similar behaviors to the hard granular materials such as sand
particles. The deviatoric stress-axial strain curves hardened and then
softened, and the volumetric strain- axial strain curves contracted and
then dilated. As the confining pressure increased, the initial shear
modulus increased, the peak deviatoric stress increased and the soft-
ening and dilatancy became less evident. Furthermore, the axial strains
at the peak state and the phase transformation state (from compression
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to dilatancy) also increased with increasing confining pressure.

In addition, it can be found by comparing the results of mung par-
ticles with other cereals that the peak deviatoric stress increased with
decreasing elongation index EI, flatness index FI, sphericity S, convexity
C and roundness R. The similar phenomenon was also found in some
discrete element simulations [32,33] and tests on sand particles or glass

Axial strain g, (%)

(b)

Fig. 7. Monotonic stress-strain relationships of the cereals after staining (a) deviatoric stress-axial strain relationships (b) volumetric strain-axial strain relationships.

beads [12,13].

Fig. 8(a) shows the relationship between the peak friction angle ¢pqx
and the overall regularity OR under different confining pressures. The
peak friction angle ¢pqy is calculated by way of singmax = q5/(qs + 203),
and gy is the peak deviatoric stress. As shown in Fig. 8(a), the peak
friction angle decreased with increasing confining pressure and overall



K. Zeng et al.

55

Mean principal stress p (kPa)

(a)

Powder Technology 466 (2025) 121452

55 55
o B APl (9,=3227; Ap=7.96°)
= —Aplg(=2 s
=0~ Aple( pa) @ AP2(p=35.50; Ag=8.04°)
50 | - pa: Atmospheric pressure A AP3 (p=40.08; Ap=9.78°)
= = W AP4 (9,=40.65; Ag=10.66°)
S s @ APS (9,=40.84; Ag=11.26°)
S5t ° o AP6 (p=41.65; Ap=12.66°
0} 2 ¢=41.65; Ag=12.66°)
ED eh 45 |-
< <
g 40} 8
5 ]
& E 40|
i o
< 35 <
& &
35
30
25 1 1 1 1 30 L " L n " " P
0.65 0.70 0.75 0.80 0.85 0.90 10 . 100 300
Overall regularity OR Confining pressure o, (kPa)
(a) (b)
Fig. 8. Peak friction angles of the cereals after staining (a) relationship between ¢, and OR (b) relationship between ¢, and 3.
4 g 8 p Pp P Pp
400 40
|| ® APl (Mung, n=¢q/p=1.134)
350 || ® AP2 (Buckwheat, 77 = 1.368) sk
|| A AP3 (Short-grain rice, 7= 1.458 - —
5300 F v AP4 (Lor}g—grefn rice, 77=1.591) R
= | @ APS5(Coix, 7=1.587) P
=250 | 4 AP6 (Lentil, n=1.617) ob
2 3 < 34
2 g
£ 200 | =
2 | 2 2
% 150 - Gl
= L 2
O = 30
2 100 - o
I | Ap1 ™
50 L 28
0 : I : I . L . I 26 + L + 1 + L + L
0 50 100 150 200 250 0.65 0.70 0.75 0.80 0.85 0.90

Overall regularity OR

(b)

Fig. 9. Critical friction angles of the cereals after staining (a) relationship between q and p (b) relationship between ¢.; and OR.

50 -

N
[l
T

Aoqron

AP1 (Mung)

AP2 (Buckwheat)
AP3 (Short-grain rice)
AP4 (Long-grain rice)
APS5 (Coix)

AP6 (Lentil)

40

Peak friction angle ¢ (°)
w w .
(=T

T
F
il
]
=1
i
F i
|
1
i
i
i
7,

N
[&)]

'+ Critical friction angle ¢,

0

Fig. 10. Relationship between ¢, and ymq of the cereals after staining.

2 4 6 8 10 12 14
Maximum dilatancy angle 7 (°)

max

16

regularity. It indicated that the agricultural particle with more irregu-
larity under smaller confining pressure had a larger peak friction angle,
and the overall regularity could properly characterize the variation
trend of the peak friction angle with particle shape. In addition, Fig. 8(b)
shows the relationship between the peak friction angle g and the
confining pressure o3 for six types of cereals. pa is the atmospheric
pressure. It can be found that the peak friction angle ¢pq and the
confining pressure o3 had an approximately linear relationship in
semilogarithmic coordinates, and the slope A¢ increased with
increasing overall regularity OR.

Fig. 9(a) shows the relationship between deviatoric stress q (=61-63)
and mean principal stress p [=(61 + 203)/3] for six types of cereals at an
axial strain of 25 %. It can be observed that for the same agricultural
particle, the stress ratios n (=q/p) at different confining pressures
approached the same value, and the friction angle at an axial strain of
25 % was approximately the critical state friction angle ¢.;. The stress
ratios for the mung, buckwheat, short-grain rice, long-grain rice, coix
and lentil were 1.134, 1.368, 1.458, 1.591, 1.587 and 1.617, respec-
tively. Fig. 9(b) shows the relationship between the critical state friction
angle ¢ and the overall regularity OR. Similar to the peak friction
angle, the critical state friction angle decreased with increasing overall
regularity, indicating a larger critical state friction angle for irregular
particles.

Fig. 10 shows the relationship between the peak friction angle ¢max
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Fig. 12. Peak friction angle comparison for cereals before and after staining.

and the maximum dilatancy angle ypmqey for six types of cereals. The
maximum dilation angle ymqy is calculated by way of sinymq, = [de,/
(2deg-dey)max- dey and de; are the volumetric strain and axial strain
increments, respectively. It can be observed that a unique relationship
existed between the peak friction angle and the maximum dilatancy
angle for the same agricultural particle. However, different from the
hard granular materials [13] (i.e. sand or glass bead), the @max - Wmax
curve for the soft cereals appeared to be a nonlinear curve rather than a
straight line. Due to limited test data in this study, further investigation
is required to obtain definite conclusions.

4.2. Effect of surface characteristics

The cereals can be divided into two types: particles with (i.e. mung,
buckwheat and lentil) and without (i.e. short-grain rice, long-grain rice
and coix) seed coat. Figs. 11(a) and (b) show monotonic deviatoric
stress-volumetric strain-axial strain relationships of the original cereals
with and without seed coat, respectively. As shown in Fig. 11, the seed
coat had a significant effect on the monotonic stress-strain relationships
of cereals. The peak deviatoric stresses of the cereals without seed coat
were significantly larger than that of the cereals with seed coat. How-
ever, the cereals without seed coat (as shown in Fig. 11(b)), especially
the short-grain and long-grain rice, experienced the phenomenon of
abrupt loss of load-bearing capacity during monotonic shearing, which
occurred more frequently at lower confining pressures. The abrupt
strength loss of the specimen was also accompanied by the abrupt
contraction of the specimen, as shown in Fig. 11(b). The possible reason
was that the bond of surface starch on the cereals without seed coat
formed under confining pressure, with the bond significantly enhancing
their shear strength. However, the bond of surface starch was insuffi-
ciently stable, rupturing when deviatoric stress reached the critical
threshold, resulting in abrupt strength loss. During subsequent loading,
the load-bearing capacity of specimen recovered due to the formation of
new bond under confining pressure. Furthermore, the phenomenon
occurred less frequently at higher confining pressure due to the higher
confining pressure making the bond more stable. The surface starch of

11

coix was less than that of rice (as shown in SEM images in Fig. 1(a)), so
its phenomenon was more insignificant and its peak stress was lower.
For the cereals without seed coat after staining, the phenomenon dis-
appeared because the acrylic paint prevented the bond of surface starch.
In addition, it can be found from Fig.11(a) that the deviatoric stress-axial
strain curves of mung were fluctuating, and the fluctuation was more
significant at higher confining pressure. The phenomenon was also
found in the glass beads [19,56] and donated as stick-slip behavior,
which involved a transition from static to dynamic processes. When the
deviatoric stress exceeded the threshold of particle interaction resisting
sliding, noticeable sliding and rearrangement of the particles within the
specimens occurred, leading to instantaneous fluctuations on the
macroscale stress-strain curves [19,56]. However, the stick-slip
behavior was not observed in buckwheat and lentil probably due to
their irregular particle shape.

Fig. 12 shows the peak friction angle comparison for cereals before
and after staining. Changes in the surface roughness of cereal particles
before and after staining were determined by comparing their angles of
repose. The angle of repose tests on cereals before and after staining
showed that staining had no significant effect on the surface roughness
of mung beans but significantly increased roughness for all other cereals
(as shown in Figs. 5 and 6). For the cereals with seed coat (i.e. mung,
buckwheat and lentil), the staining mainly changed their surface
roughness, leading to a change in the inter-particle friction coefficient. It
can be observed that the peak friction angles of mung remained basically
unchanged after staining, while the peak friction angles of buckwheat
and lentil increased significantly after staining, which was consistent
with the change of their surface roughness after staining. This indicates
that the shear strength of granular materials was highly related to the
inter-particle friction coefficient, and the shear strength increased with
increasing inter-particle friction coefficient.

However, for the cereals without seed coat (i.e. short-grain rice, long-
grain rice and coix), although the staining significantly increased their
surface roughness, their peak friction angle significantly decreased after
staining due to the acrylic paint preventing the bond of surface starch.
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5. Cyclic mechanical behavior

In this section, the analyses focused on the variation of accumulated
volumetric strains during cyclic triaxial tests. Considering space re-

curves of six types of cereals are placed in Figs. S1-S6 of the Supple-

level was far below the peak value.

striction, the cyclic deviatoric stress-volumetric strain-axial strain
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mental Materials. Notably, the phenomenon of abrupt bearing capacity
loss was not observed in the cyclic tests because the deviatoric stress



K. Zeng et al.

1.2
\’? —l— APl (Mung)
e —@— AP2 (Buckwheat)
£1.0 |- |—&— AP3 (Short-grain rice)
—W— AP4 (Long-grain rice)
—@— AP5 (Coix)
AP6 (Lentil
0.8 -
06

Accumulated volumetric strain &

Cyclic number
ey

(a)

N
3}

1.5
@ —i— AP (Mung)
< —@— AP2 (Buckwheat)
w% —&A— AP3 (Short-grain rice)
= —W— AP4 (Long-grain rice)
B —@— AP5 (Coix)
@ 10} | —4=AP6 (Lentil)
I
E=!
°
£
=
o
>
=
2
= 05
=
g
=
Q
o
<
0.0 N 1 . 1 . 1 \ 1 A
0 20 40 60 80

Powder Technology 466 (2025) 121452

100

Cyclic number n_
ey

(%)

vac

N
o

Accumulated volumetric strain &
o
()]

0.0

—m— AP (Mung)
—@— AP2 (Buckwheat)
—&— AP3 (Short-grain rice)
—W— AP4 (Long-grain rice)
—@— AP5 (Coix)

—— AP6 (Lentil)

5.1. Effect of particle shape

40

60 80 100

Cyclic number 7,
(©)

Fig. 15. Relationship between &,q. and n,. of the original cereals (a) one-way stress cyclic tests (b) two-way stress cyclic tests (c) strain cyclic tests.

Fig. 13 shows the relationship between the accumulated volumetric
strain &y4 and the cyclic number ngy of the stained cereals in three cyclic
triaxial tests. It can be found that the accumulated volumetric strain
exhibited an approximate hyperbolic relationship with the cyclic
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Fig. 16. Accumulated volumetric strain comparison for cereals before and after staining (a) with seed coat (b) without seed coat.
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roundness R.

Fig. 14(a) shows the relationship between the accumulated volu-
metric strain at 100 cycles and the overall regularity OR under different
cyclic loading methods. It can be seen that for the same agricultural
particle, the accumulated volumetric strain in the strain cyclic tests was
the largest, followed by the two-way stress cyclic tests, and the accu-
mulated volumetric strain was the smallest in the one-way stress cyclic
tests. Furthermore, the accumulated volumetric strain at 100 cycles
decreased with increasing overall regularity. The cyclic axial strains for
all three cyclic triaxial tests were in the range of 0 % to 2 %, and the
monotonic volumetric strain-axial strain curves for six types of cereals
near this range are also shown in Fig. 14(b). It can be observed that
similar to the accumulated volumetric strain, the maximum volumetric
strain of cereals during monotonic loading also decreased with
increasing overall regularity. This indicated that the agricultural particle
with more irregularity had a larger compressibility when the axial strain
was small.

5.2. Effect of surface characteristics

Fig. 15 shows the relationship between the accumulated volumetric
strain g,,c and the cyclic number ngy. of the original cereals in three
cyclic triaxial tests. It can be found that the accumulated volumetric
strain of the original cereals also exhibited an approximate hyperbolic
relationship with the cyclic number. However, due to the combined
effect of surface characteristics and particle shape, the ranking of
accumulated volumetric strain for the original cereals was significantly
different from that for the stained cereals.

Fig. 16 shows the accumulated volumetric strain comparison for
cereals before and after staining. It can be found that for the cereals with
seed coat (i.e. AP1 mung, AP2 buckwheat and AP6 lentil), the accu-
mulated volumetric strains of mung remained basically unchanged after
staining, while the accumulated volumetric strains of buckwheat and
lentil decreased after staining. It indicated that the granular materials
with larger friction coefficient might be more difficult to be compressed
during cyclic loading. For the cereals without seed coat (i.e. AP3 short-
grain rice, AP4 long-grain rice and AP5 coix), the deviatoric stress level
during cyclic loading was low and did not reach the critical threshold of
starch bond rupture, and the bond greatly increased the stability of the
granular system, resulting in a significantly lower compressibility of the
unstained specimens.

6. Conclusions

In this study, six types of cereals before and after staining were
selected for a series of monotonic and cyclic triaxial tests. The effect of
particle shape and surface characteristics on their mechanical behavior
was analyzed. The major findings are summarized below.

(1) The overall regularity OR was used to characterize the compre-
hensive shape of cereals in this study, and the test results showed
that the peak and critical friction angles of cereals decreased with
increasing overall regularity OR. In addition, different from the
hard granular materials, the relationship between the peak fric-
tion angle and the maximum dilatancy angle for the soft cereals
were a concave up curve rather than a straight line.

The cyclic triaxial test results showed that for the same agricul-
tural particle, the accumulated volumetric strain in the strain
cyclic tests was the largest, followed by the two-way stress cyclic
tests, and the accumulated volumetric strain was the smallest in
the one-way stress cyclic tests. Furthermore, the accumulated
volumetric strain of cereals decreased with increasing overall
regularity OR.

It can be found by comparing the test results of the cereals with
seed coat before and after staining that the particles with rougher

(2)

(3)
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surface had a larger peak friction angle and were more difficult to
be compressed during cyclic loading.

For the cereals without seed coat, their surface starch would bond
under confining pressure, resulting in a significantly larger peak
friction angle and a lower compressibility of the specimen during
cyclic loading. However, when the deviatoric stress reached the
critical threshold of starch bond rupture, the specimens experi-
enced an abrupt strength reduction and volume contraction. This
phenomenon requires special attention during the storage and
transportation of cereals. Furthermore, due to the acrylic paint
preventing the bond of surface starch, the peak friction angle and
the accumulated volumetric strain of the cereals without seed
coat significantly decreased after staining.

(€3]

This study comprehensively investigated the effects of particle
morphology and surface characteristics on the monotonic and cyclic
mechanical behavior of granular materials through laboratory experi-
ments. Some valuable findings were obtained. However, it is worth
noting that the conclusions of this study are based on specimens with
identical relative density. Distinct findings might emerge if experiments
were conducted under the same void ratios. The effects of particle
morphology and surface characteristics on the behavior of granular
materials warrant further study.
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