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Construction of the discrete element bonding models for columnar
granular organic fertilizers with different water contents
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2. School of Automation, Nanjing University of Information Science and Technology, Nanjing 211800, China)

Abstract: In order to construct a discrete element bonding model for columnar granular organic fertilizer with different
moisture contents, this study calibrated the model parameters based on the Bonding model in the EDEM software. The
maximum load-displacement data of the organic fertilizer were determined through uniaxial compression tests, establishing the
relationship between moisture content and maximum load. Significant parameters were screened using the Plackett-Burman
design, and parameter combinations were optimized through steepest ascent and Box-Behnken experiments. A mathematical
model was established relating the maximum load to the Bonding parameters (normal stiffness, tangential stiffness, critical
normal stress, critical tangential stress, and bonding radius) based on uniaxial compression simulation tests. Furthermore, a
model was developed to predict the Bonding parameters based on the moisture content of the organic fertilizer, and the model’s
accuracy was verified through experimental validation. The results show that the average error of the maximum load predicted
by the model is 1.98%, which allows for the accurate construction of the bonding model for slurry granular organic fertilizer
with different moisture contents, laying a foundation for the simulation study of the interaction between organic fertilizer and

(1. Institute of Agricultural Facilities and Equipment, Jiangsu Academy of Agricultural Sciences / Key Laboratory of Modern Horticultural
Equipment, Ministry of Agriculture and Rural Affairs / Southern Orchard (Peach, Pear) Fully Mechanized Research Base, Ministry of

working components.

Keywords: columnar granular organic fertilizer, crushing, bonding model, discrete element approach

DOI: 10.25165/j.1jabe.20261902.9921

Citation: Ke L Z, Yuan Q C, Lyu X, Zeng J. Construction of the discrete element bonding models for columnar granular
organic fertilizers with different water contents. Int J Agric & Biol Eng, 2026; 19(2): 49-57.

1 Introduction

Organic fertilizer plays a crucial role in improving the physical
and chemical properties of soil, increasing soil organic matter,
enriching the soil, enhancing the soil’s nutrient supply capacity for
crops, and improving agricultural product quality. With the recent
implementation of policies in China promoting the reduction and
efficiency improvement of chemical fertilizers and the substitution
with organic fertilizers, the application technology of organic
fertilizers has gradually become a focus of research®. Granular
organic fertilizers are classified into spherical and columnar types®;
spherical granular organic fertilizers are prone to caking under high
humidity, leading to issues such as clogging of fertilizer applicator
components and uneven fertilization®. In contrast, columnar
granular organic fertilizers naturally stack, resulting in higher
porosity between particles, which enhances permeability and
reduces the tendency to cake. Compared with spherical granular
organic fertilizers, columnar granular organic fertilizers are less
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likely to adhere, making them more suitable for use in the complex
and climate-variable agricultural environments"”. However, during
the processes of transportation and spreading, columnar granular
organic fertilizers are subject to varying degrees of mechanical
damage, leading to particle breakage, which in turn affects the
uniformity of fertilizer application®®'. Therefore, this study will
investigate the construction method of the discrete element bonding
model for columnar granular organic fertilizers with different
moisture contents, providing a basis for the design of transport and
spreading mechanisms for columnar granular organic fertilizers.

The Discrete Element Method (DEM) is widely applied to
processes involving bulk particulate materials, such as filling,
transportation, stirring, mixing, and crushing!'""*. Potyondy et al.l'
proposed a bonding particle model, using Bonding bonds to bind
small particles and simulate crushing. Landry et al.'” developed a
DEM model for organic fertilizers and calibrated its contact
parameters through shear tests. Chen et al.'¥ and Yuan et al.'”
established a simulation model for fertilizer clumps using the
bonding contact model. They calibrated the bonding parameters of
organic fertilizer through a combination of uniaxial compression
physical tests and simulation tests, and verified the calibrated
bonding parameters through load-displacement and deformation
tests of organic fertilizer. These studies laid the foundation for the
calibration of bonding parameters for columnar granular organic
fertilizers, but the issue of quickly calibrating the bonding
parameters when the moisture content of organic fertilizer changes
has not yet been resolved.

To address the aforementioned issue, this study focuses on
columnar granular organic fertilizers with different moisture
contents, obtaining the basic parameters of the fertilizer’s discrete
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element through physical experiments. The maximum load-
displacement data for columnar granular organic fertilizers with
different moisture contents were obtained through uniaxial
compression tests. By establishing a simulation model identical to
the physical experiment, and utilizing the Plackett-Burman design,
steepest ascent, and Box-Behnken experiments, the significant
bonding model contact parameters affecting the maximum load
were determined, and a mathematical model correlating the
maximum load with these parameters was established. Finally, a
predictive model was developed to relate the moisture content of the
organic fertilizer to the bonding model contact parameters. The
accuracy of the simulation parameters obtained through this model
was validated through both physical and simulation experiments.

2 Materials and methods

2.1 Experimental materials

This study selected columnar granular organic fertilizers
produced by MacroBio Biotechnology Co., Ltd. (Changzhou,
China) as the research object. The main raw material is fermented
and matured chicken manure, with an organic matter content of
45% or more and a total nutrient (N-P,05-K,0) content of 5%. This
fertilizer is produced using an extrusion granulation process and
takes on a cylindrical shape after drying and screening. To reflect
the range of moisture content encountered during actual field
application, five different organic fertilizer samples were
prepared, with moisture content ranging from 7.4% to 18.9%, as
shown in Figure 1. Subsequently, discrete element simulation
parameter measurement experiments were conducted on the
moisture content of these five organic fertilizer samples.

Moisture

Moisture

Moisture Moisture

Moisture
content content content content content
7.40% 10.70% 12.40% 15.30% 18.90%
Figure 1 Organic fertilizer samples with different moisture content

A random sample of 200 column granules of organic fertilizer
was selected, and their size parameters were measured using a
Vernier caliper with an accuracy of 0.01 mm. As shown in Figure 2,
the length of the organic fertilizer granules ranges from 6 to 15 mm,
with an average diameter of 6 mm.
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Figure 2 Distribution of organic fertilizer lengths

2.2 Measurement of column granule organic fertilizer
parameters
2.2.1 Intrinsic parameter measurement

Density reflects the compactness of fertilizer accumulation".

In this study, the density of the organic fertilizer was measured
using the displacement method. First, a certain mass of fertilizer
was weighed using a balance, and the mass of the fertilizer was
recorded. Then, the fertilizer was poured into a graduated cylinder
containing 100 mL of water, and the change in water level was
quickly recorded after the addition of the fertilizer. This procedure
was repeated 10 times. The density of the organic fertilizer was
calculated using the following equation:

p=% (1)
where, p represents the particle density, g/cm’; M is the mass of the
fertilizer sample, g; and V is the volume of the fertilizer sample,
cm’.

According to the standard for material compression
performance measurement (GB/T 1041-2008)"", a texture analyzer
(TMS-Pro) was used to perform a compression deformation test on
the organic fertilizer. By measuring the axial and lateral
deformations of the organic fertilizer before and after loading, its
Poisson’s ratio was calculated. During the experiment, axial
compression was applied to the organic fertilizer at a rate of
0.1 mm/s, and loading was stopped when the granules fractured, as
shown in Figure 3b. The Poisson’s ratio can be calculated as,

b/B _(H,~H,)/B

UL T (A -A)/L @

where, ¢ represents the Poisson’s ratio of the organic fertilizer; B is
the lateral deformation, mm; D is the diameter of the sample, mm; /
is the axial deformation, mm; L is the length of the sample, mm; H,
and H, are the lateral dimensions of the sample before and after
compression, respectively, mm; 4; and A4, are the axial dimensions
of the sample before and after compression, respectively, mm.
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Figure 3 Discrete meta-parameter measurement test of
organic fertilizer

The elastic modulus of the organic fertilizer sample can be
calculated as®",
FL
=< 3)
Sl
where, E represents the elastic modulus, MPa; F' is the maximum
pressure that the sample can withstand during the compression
phase, N; S is the cross-sectional area of the sample, mm®.
The intrinsic parameters of the Column organic fertilizer are
listed in Table 1.

Table 1 Intrinsic parameters of columnar organic fertilizers

Test material Poisson’s ratio Elastic modulus/MPa Density/kg-m™

1000.32

Column organic fertilizer 0.30 260
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2.2.2 Measurement of the coefficient of restitution

The coefficient of restitution characterizes the material’s ability
to recover after an impact™. In this study, the device shown in
Figure 3c (which includes a computer, grid paper, UX100 high-
speed camera, and light source) was used to measure the coefficient
of restitution between organic fertilizer granules and between the
organic fertilizer and a steel plate. The UX100 high-speed camera
has a maximum capture rate of 4000 frames per second, with an
resolution of 1280x1024 pixels,
experimental requirements. Based on the measurement of the
coefficient of restitution for materials in literature™, the release
height of the organic fertilizer for testing was set to 200 mm. The
high-speed camera recorded the free-fall process of the granules and
their maximum rebound height. A total of 20 tests were conducted,
with the vertical rebound height after impact selected as the valid
data whenever possible. The formula for calculating the coefficient

image which meets the

of restitution is as follows:

e=\/i/h )

where, e is the coefficient of restitution; 4, is the maximum rebound
height, mm; and /4 is the release height of the granule, mm.
2.2.3 Measurement of the coefficient of friction

The coefficient of friction of granular organic fertilizer is
determined by the properties and roughness of the contact
surface™?". In this study, the inclined plane method was used for
measurement. The experimental setup is shown in Figure 3a, which
includes the inclined plane device, an inclinometer, a steel plate,
and other equipment. It measures the static coefficient of friction
between organic fertilizer particles and between organic fertilizer
and the steel plate. The organic fertilizer is placed axially on the
contact material, and the angle of the inclined plane device is
gradually increased. The inclinometer is used to record the angle at
which the organic fertilizer begins to slide. The experimental
process is shown in Figure 3a. A total of 20 tests were conducted,
and the static coefficient of friction can be calculated as,

U =tanf 5)

where, u is the static coefficient of friction; and 8 is the angle of the
inclined plane, (°).

The experimental setup for measuring the rolling coefficient of
friction is the same as that for measuring the static coefficient of
friction. The organic fertilizer is placed transversely on the inclined
plane, and the angle is gradually increased, recording the angle at
the moment the organic fertilizer starts to move. The measured
physical properties of the organic fertilizer are listed in Table 2.

Table 2 Range of physical property parameters of organic
fertilizer granules

Organic fertilizer and organic fertilizer Organic fertilizer vs. steel plate

Moisture

content/ Collision Static Rolling  Collision  Static ~ Rolling
% recovery friction friction recovery friction friction
coefficient coefficient coefficient coefficientcoefficientcoefficient

7.40  0.25-0.33  0.66-0.92  0.10-0.14  0.22-0.37 0.32-0.41 0.11-0.18
10.70  0.26-0.31  0.59-0.89  0.06-0.12 0.27-0.42 0.29-0.43 0.10-0.19
12.40  0.23-0.32  0.73-0.94  0.07-0.16  0.21-0.39 0.36-0.41 0.13-0.17
1530 0.21-0.29 0.69-0.98 0.09-0.14 0.25-0.43 0.31-0.47 0.11-0.18
1890  0.20-0.27  0.75-0.99  0.09-0.15 0.31-0.46 0.40-0.53 0.14-0.22

2.3 Modeling of columnar granular organic fertilizer
2.3.1 Bonding model

The column granule organic fertilizer model is composed of
multiple small particles. To incorporate fracture characteristics into

the model, the Hertz-Mindlin with Bonding contact model*** is
used in the EDEM2024 software. This contact model bonds the
particles together using finite-sized bonding links and characterizes
the mechanical properties of the column granule organic fertilizer
through bonding parameters such as unit area normal stiffness, unit
area tangential stiffness, critical normal stress, critical tangential
stress, and bonding radius. The bonding breaks when the stress on
the column granule organic fertilizer reaches the limit values of
normal and tangential shear stress, as shown in Figure 4.

Figure 4 Hertz-Mindlin with bonding contact model

oF,=-v,5,Adt

SF, = —v,S,Adt
oM, = —w,S,J6t (6)
M, = -w,S, Lot
2
in which,
A =nR,
1, (N
J = Eﬂ'RB

where, 0F, is the normal force, N; JF, is the tangential force, N; v,
is the normal velocity, m/s; v, is the tangential velocity, m/s; S, is
the normal stiffness, N/m; S, is the tangential stiffness, N/m; Jt is
the simulation time step, s; 4 is the contact area between particles,
m* 0M, is the normal torque, N-m; M, is the tangential torque,
N-'m; w, is the normal angular velocity, rad/s; w, is the tangential
angular velocity, rad/s; J is the particle’s moment of inertia, mm?*;
Ry is the bonding radius, mm.

When the force and torque reach their limit values or the
distance between particles exceeds the set contact radius, the
bonding link breaks. The formulas for calculating the normal and
tangential shear forces are as follows:

-F n 2M1
T max < A + J RB
LMy ®
Tmax A g

where, o0,,,, is the maximum normal shear force, N; and 7, is the
maximum tangential shear force, N.
2.3.2 Discrete element modeling of fertilizer particles

The column granule organic fertilizer studied in this paper has a
length range of 6 mm to 15 mm, with an average diameter of
6 mm. Fertilizer granules with an average length of 10 mm are
selected for discrete element modeling. To study the crushing
characteristics of the fertilizer granules, the Bonded Particle Method
(BPM) is used to establish the discrete element model of the
fertilizer particles (Figure 5). Multiple smaller spherical particles
with equal diameters are bonded into a larger particle using Bond
links!'>"291,
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0.3 mm pellet Bond Bonding process

Figure 5 Particle bonding process

2.4 Uniaxial compression test
2.4.1 Physical tests

column granule organic fertilizer with a diameter of 10 mm is
selected for the uniaxial compression test using a texture analyzer
(TMS-Pro). Organic fertilizer particles with different moisture
contents are tested at a loading speed of 0.5 mm/s until the sample
fractures, at which point the loading is stopped. The loading process
in the uniaxial compression test is shown in Figure 4. The test is
repeated 20 times, and the average value is taken. The displacement-
load curve of the fertilizer particles is shown in Figure 6.
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Figure 6 Displacement-load diagrams of organic fertilizers with
different water content

2.4.2  Simulation test

The simulation parameters in the uniaxial compression test are
listed in Table 2, with the contact parameters taken to be the median
value common to each of their moisture content determination
ranges. The intrinsic parameters of the organic fertilizer are listed in
Table 1. The density of the steel plate is 7.85 g/cm’®, the Poisson’s
ratio is 0.3, and the shear modulus is 7.9x10* MPa. The uniaxial
compression simulation test is shown in Figure 7. The upper and
lower plates are made of steel, and they move at a constant speed of
30 mm/min to simulate the compression of the organic fertilizer
block sample by the compression plates. The fixed time step is 10%,
and the target save interval is 0.01 s. The lower plate is in a dormant
state with no relative motion. The level value range of the bonding
parameters for the column granule organic fertilizer is preliminarily
determined based on references’*".

L b ot o e e o

Figure 7 Uniaxial compression test simulation

2.5 Simulation parameter calibration
2.5.1 Plackett-Burman experiment

The Plackett-Burman experiment determines the significance of
factors by examining the relationship between the objective
response and the factors, and comparing the differences between the
two levels of each factor™. The maximum displacement Y; and
maximum load Y, are taken as the objectives, while the unit area
normal stiffness A, unit area tangential stiffness B, critical normal
stress C, critical tangential stress D, and bonding radius E are the
five factors for the Plackett-Burman experiment, with each factor
selected at two levels. A Plackett-Burman design with N=11 is used,
reserving six dummy terms for error analysis. The levels of the
experimental factors are listed in Table 3.

Table 3 Plackett-Burman factor level table

Unit area Unit area

normal tangential Critical Critical Bonding
Level stiffness 4/ stiffness B/ normalP tangerlljtl';l rEa/dlus
(N/m’) (N/m’) stress C/Pa stress D/Pa 'mm
-1 2.24x10" 1.28x10% 1.60x107 2.40x10° 0.24
1 3.36x10" 3.20x10" 2.40x107 3.60x10° 0.36

2.5.2 Steepest ascent experiment

The steepest ascent test helps to study the effect of factor levels
on the evaluation target and further narrow the range of factor
levels. Based on the results of the Plackett-Burman experiment,
significant parameters are selected for the ascent experiment to
further narrow the range of these significant parameters. In the
simulation experiments, the values of non-significant parameters are
taken from the median values in Table 3, while the values of
significant parameters are determined according to the step sizes
and directions of each parameter in the Plackett-Burman experiment
resultst’.
2.5.3 Box-Behnken experiment

To obtain the optimal combination of bonding parameters, a
four-factor, three-level Box-Behnken Design (BBD) experiment
was conducted using Design-Expert 13 software based on the
results of the steepest ascent experiment. The Box-Behnken
experiment can fit the functional relationship between parameters
and response values to determine the interactions between
parameters”?'l. A solver is used to find the optimal values for the
effective parameters. The values for significant parameters are
determined based on the results of the steepest ascent experiment,
while the values for non-significant parameters are taken from the
median values of the Plackett-Burman experiment levels.

3 Results and discussion

3.1 Plackett-Burman test

The Plackett-Burman experimental plan and results are listed in
Table 4. Analysis of variance (ANOVA) and #-tests for the effects
of each factor were performed using Design-Expert 13 software,
and the results are shown in Figure 8 and Table 5.

From Table 5 and Figure 8, it can be seen that the factors
affecting the maximum displacement Y|, ranked from largest to
smallest, are B, D, E, C, and 4. The p values for B, D, and E are less
than 0.05, indicating that these factors have a significant impact on
the target. The same conclusion can be drawn from the ¢-value test
of the Pareto Chart, where B and E have a positive effect on the
target, while D has a negative effect on the target. Similarly, the
factors affecting the maximum load Y,, ranked from largest to
smallest, are E, D, B, A, and C, with p values for 4, B, D, and F
being less than 0.05, indicating a significant impact on the target.
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The t-value test of the Pareto Chart also confirms the same
conclusion, with £, D, 4, and C having a positive effect on the
target.
3.2 Steepest ascent test

Based on the results of the Plackett-Burman experiment, C has

experiments, while the parameters from Tests 2 and 4 serve as the
lower and higher levels, respectively, for further testing.

Table 4 Plackett-Burman test results

Test ANm® BN-m®  ClPa D/Pa E/mm Dlsplifemenﬂ Loading/

no significant effect on the results; therefore, C is set to 20 MPa. number m N
The initial values for factors 4, B, D, and E are selected as 2.24x I 224x107 3.20x10" 2.40x107 3.60x10° 0.36 121 80.50
10 N/m, 3.2x10° N/m?’, 2.4x10° Pa, and 0.24 mm, respectively, 2 224107 1.28x10% 1.60x107 3.60x10° 024 2.05 62.81
with step sizes of 5.6x10° N/m’, -9.6x10° N/m’, 6x10° Pa, and 3 224107 3.20x107 2.40x107 2.40x10° 0.24 101 40.60
0.03 mm. A steepest ascent experiment is conducted to further find 4 3.36x107 1.28x10 2.40x107 2.40x10° 0.36 1.44 86.90
the parameter combination that approximates the true values. The 5 336107 3.20x107 1.60x107 3.60x10° 0.24 1.29 60.02
steepest ascent experimental plan and results are listed in Table 5. 6 2.24x107 3.20x10% 160107 2.40x10° 0.36 1.04 62.21
As can be seen from Section 1.4.1, the maximum load from the 7 3.36x107 1.28x10" 2.40<107 2.40x10° 0.24 1.63 36.71
physical test of column granule fertilizer is 80.1 N (with a moisture 8 224x107 1.28x10% 1.60x107 2.40~10° 024 1.57 30.53
content of 12.4%). According to Table 6, the error between the 9 3.36x10% 3.20x10 2.40~107 3.60x10° 024 1.29 60.21
maximum load in the simulation test and the real value first 10 3.36x10% 3.20x10" 1.60~107 2.40x10° 0.36 0.97 63.94
decreases and then increases. Test 3 has the smallest error, so the 1T 336x10° 1.28x10* 1.60x107 3.60x10° 0.36 175 98.01
parameters from Test 3 are used as the center point for subsequent 12 224107 128x10" 2.40x107 3.60x10° 0.36 1.76 9331
1320 [l Positive effect 16.96 [ Positive effect
I Negative effect 1527 ¢ W Negative effect
9.90 13.57¢
5 5 11.88F
& £ 108t B 5
% eoo | R S gagt
= =
E | Bonferroni limit 440466 = 79T
- 3301 . o <509 H(| | N Bonferroni limit 4.404 66
HH - "Cvalze limit 2.446 91 33911 | H C_t-value limit 2.446 91
Minataee.. Sl
2345678 9101 I 234567809101
Rank Rank
a. Maximum displacement b. Maximum load
Figure 8 Pareto chart
Table 5 Significance analysis of Plackett-Burman test results
Source of if Y,
variance Square sum  Degree of freedom  Mean square F Square sum  Degree of freedom  Mean square F P
model 1.2500 5 0.2496 45.41 0.0001~ 3402.40 5 680.48 98.84 <0.0001*
A 0.0061 1 0.0061 1.11 0.3336 105.61 1 105.610 15.34 0.0078*
B 0.9577 1 0.9577 17421  <0.0001* 546.75 1 546.75 79.41 0.0001*
C 0.0091 1 0.0091 1.65 0.2462 35.36 1 35.36 5.14 0.0640
D 0.2380 1 0.2380 43.30 0.0006 733.20 1 733.20 106.49  <0.0001*
E 0.0374 1 0.0374 6.80 0.0402* 1981.47 1 1981.47 287.80  <0.0001*
Residual 0.0330 6 0.0055 41.31 6 6.88
Total 1.2800 11 3443.71 11

Note: * Denotes significant difference (p<0.05); same as below.

Table 6 Steepest ascent test program and results

Number A/N-m> B/N'm™ D/Pa E/mm  Y,/mm Y,/N
1 2.24x10"  3.20x10"  2.40x10°  0.24 1.00 40.32
2 2.80x10"  2.72x10"  3.00x10°  0.27 1.28 60.51
3 3.36x10"°  2.24x10"  3.60x10°  0.30 1.42 79.40
4 3.92x10"  1.76x10"™  4.20x10°  0.33 1.51 98.12
5 4.48x10"  1.28x10"  4.80x10°  0.36 1.72 110.81
6 5.04x10"  8.00x10°  5.40x10°  0.39 1.79 112.93

3.3 Box-Behnken test

Based on the results of the Plackett-Burman experiment, the
Box-Behnken experimental plan and results are listed in Table 7,
and Table 8 presents the analysis of variance.

The experimental results are analyzed using multiple linear
regression with Design-Expert 13 software, with Y; and Y, as

response variables and 4, B, D, and E as independent variables. A
second-order polynomial equation is established to fit the maximum
load displacement:
Y, =1.79-3.33x10"2A + 1.36x10™"" B+ 1.03x10°D - 13.27 x E+
9.30x10AB—1.49x107"*AD + 1.49x 10" AE(9)—
1.04x107"BD - 8.68x107"' BE +5.56x107 " DE+

4.52x107°A?+3.87x10*B*~1.07x107"° D? 9

Y, =80.26— 1.52x 10 °A - 5.22x10"°B + 1.2x10° D - 3.32E+
1.02x 10 AB+9.67x10"7AD +2.97x10 °AE - 2.6 x 10"'*BD—
4.51%10°BE +5x107°CE +6.48x10 > A2+4.19x10 "B~
1.9% 107 D*+642.59E2 (10)

Analysis of variance (ANOVA) is used to assess the



54 April, 2026 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 19 No. 2

significance of the model and the interaction between factors. The

Table 7 Box-Behnken test program and results

results are listed in Table 8. The F value for the Y, model is 72.94, Number  A/N'm* B/N-m?* D/Pa E/mm  Y/mm  YyN
and the p value is low (<0.0001), confirming the significance of the 1 3.92x10°  2.24x10°  4.20x10°  0.30 147  86.80
model at the 95% confidence level. The F value for the lack of fit 2 3.36x10°  2.24x10°  3.00x10°  0.27 1.31 65.21
term is 3.71, indicating that the lack of fit term is not significant 3 2.80x10°  2.24x10°  4.20x10°  0.30 142 80.80
relative to the pure error. The same applies to Y. 4 2.80x10°  2.72x10"  3.60x10°  0.30 129 7453
The coefficient of determination (R?) for the regression 5 2.80x10°  1.76x10"  3.60x10°  0.30 1.55  80.10
equation of ¥, is 0.9867, indicating that 98.67% of the experimental 6 3.36x10°  2.72x10°  420x10°  0.30 131 80.72
variance is explained by the model, which shows a high fit with the 7 3.36x10°  2.72x10®  3.00x10°  0.30 122 69.80
actual data. The adjusted R* of 0.9735 is very close to 1, further 8 3.36x10°  2.24x10°  3.60x10°  0.30 138 77.10
indicating a high fit and good correlation with the actual data. The 9 3.92x10°  1.76x10°  3.60x10°  0.30 1.51 8421
difference between R}, and the predicted R* is less than 0.2, 10 3.36x10°  2.24x10°  3.00x10°  0.33 123 76.70
suggesting that the model fits well. The experimental coefficient of 11 3.36x10°  1.76x10°  3.00x10°  0.30 142 73.60
variation (CV) is 1.44%, indicating a high correlation between the 12 2.80x10°  2.24x10°  3.00x10°  0.30 126  69.10
actual and predicted values. The precision is 34.1108, indicating 13 3.92x10°  2.24x10°  3.60x10°  0.33 136 8731
that the accuracy of the model is very good, making it suitable for 14 2.80x10°  2.24x10°  3.60x10°  0.33 135  83.50
predicting the maximum load of the organic fertilizer. 15 3.92x10  2.24x10°  3.60x10°  0.27 153 7230
To ensure the validity of the regression model, its residuals 16 336x10°  1.76x10°  3.60x10°  0.33 157  91.71
need to be verified. Figure 9 shows the residual diagnostic plots of 17 3.36x10°  2.24x10°  3.60x10°  0.30 1.43 78.80
the model. Among them, Figure 9a is the residual normality test 18 336x10°  2.24x10°  4.20x10°  0.33 145 9330
plot. All residuals fit along a straight line, with 85.7% of the 19 3.36x10°  2.24x10°  4.20x10° 027 1.49 78.23
residuals lying on the regression line, indicating that the model 20 3.36x10°  1.76x10®  3.60x10°  0.27 1.63 7430
errors exhibit high randomness and meet the assumptions of 21 336x100  2.24x10°  3.60x10°  0.30 144 7811
normality and homoscedasticity. This suggests that the regression 22 3.92x10°  2.24x10°  3.00x10°  0.30 133 73.82
model is likely to reach an ideal state. Figure 9b shows the 23 3.92x10°  2.72x10°  3.60x10°  0.30 1.26 79.70
dispersion of the residuals within a range of +2.5. The more 24 336x10°  2.72x10°  3.60x10° 027 132 68.90
dispersed the distribution, the better the predictive performance of 25 336x10°  2.72x10°  3.60x10°  0.33 1.21 83.73
the model. Figure 9c shows the fit between the predicted and actual 26 336x10°  2.24x10°  3.60x10°  0.30 1.37 78.55
maximum load values. The residuals are closely distributed around 27 2.80x10°  2.24x10°  3.60x10° 027 1.53 70.50
the regression line, and the coefficient of determination (R?) reaches 28 336x10°  2.24x10°  3.60x10°  0.30 1.42 77.81
0.9932, indicating that the model has a high predictive accuracy for 29 336x10°  1.76x10"  4.20x10°  0.30 1.63 87.51
the maximum load.
Table 8 Analysis of variances
. i )4
Source of variance
Square sum Degree of freedom Mean square F P Square sum  Degree of freedom Mean square F p
model 0.3780 14 0.0270 14.7300 <0.0001*  1322.8000 14 94.4900 74.3800 <0.0001"
A 0.0003 1 0.0003 0.1637 0.6919* 54.6100 1 54.6100 42.9900  0.0251*
B 0.2408 1 0.2408 131.3800 <0.0001* 96.9000 1 96.9000 76.2800 <0.0001"
D 0.0833 1 0.0833 45.4600 <0.0001" 521.4000 1 521.4000 410.4500 <0.0001*
E 0.0341 1 0.0341 18.6200  0.0007* 627.8500 1 627.8500 494.2500 <0.0001*
AB 0.0000 1 0.0000 0.0136 0.9087 0.3025 1 0.3025 0.2381 0.6331
AD 0.0001 1 0.0001 0.0546 0.8187 0.4225 1 0.4225 0.3326 0.5733
AE 0.0000 1 0.0000 0.0136 0.9087 1.0000 1 1.0000 0.7872 0.3899
BD 0.0036 1 0.0036 1.9600 0.1829 2.2500 1 2.2500 1.7700 0.2045
BE 0.0006 1 0.0006 0.3410 0.5686 1.6900 1 1.6900 1.3300 0.2681
DE 0.0004 1 0.0004 0.2182 0.6476 3.2400 1 3.2400 2.5500 0.1326
A? 0.0000 1 0.0000 0.0071 0.9340 0.2682 1 0.2682 0.2111 0.6530
B 0.0005 1 0.0005 0.2813 0.6041 6.0500 1 6.0500 4.7600 0.0466"
D’ 0.0097 1 0.0097 5.2700 0.0377 3.0400 1 3.0400 2.3900 0.1444
E 0.0017 1 0.0017 0.9537 0.3454 2.1700 1 2.1700 1.7100 0.2123
Residual 0.0257 14 0.0018 17.7800 14 1.2700
Lack of fit 0.0218 10 0.0022 2.2500 0.2263 16.0500 10 1.6100 3.7100 0.1092
Total 0.4036 28 1340.0000 28
R 0.9364 0.9867
Adjusted R? 0.8728 0.9735
Predicted R* 0.6741 0.9290
Adeq precision 14.6141 34.1108
Cv 3.0500 1.4400

As seen in Table 8, the factor terms A, B, D, and E have a
highly significant effect on Y, (maximum load) (p<0.01); the

quadratic term B* has a significant effect (»<0.05). By ensuring the
overall significance of the model and removing insignificant terms,
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the second-order regression model can be optimized, resulting in the Y, =80.26—-1.52x10"°A-5.22%x10"°B+1.2%x10°D—
2
following regression equation for the maximum load: 3.32E+642.59E (11)
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Figure 9 Residual diagnostics for the second-order regression model

3.4 Construction of the moisture content-bonding parameter
model

The physical test results show that organic fertilizers with
moisture content ranging from 7.8% to 18.5% can form a stable and
measurable maximum load. As shown in Figure 6, there is no
obvious linear relationship between the maximum displacement and
the moisture content of the fertilizer, and the maximum
displacement is around 1.38+0.20. Therefore, in this study, a
mathematical model relating the moisture content of the organic
fertilizer to the maximum load was established through six sets of
physical experiments. The curve fitting was determined with a
coefficient of determination R* of 0.9921, as shown in Figure 10.

95r )
o0 | o -—Fitted curve
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Maximum load/N

| Determination coefficient R%: 0.9921
6 8 10 12 14 16 18

Moisture content/%
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Figure 10  Fertilizer moisture content versus maximum load curve

Within this range of moisture content, as the moisture content
of the fertilizer increases, the breaking force decreases. The linear
fitting equation is as follows:

Y=-29M+116.193 (12)

Combining Equations (11) and (12), the relationship model

between the moisture content of the organic fertilizer and the
bonding parameters is as follows:

M=1239+52x 10" A+1.8x10"°B(13)-4.1x10°D—

1.15E-2.221.58E” (13)

3.5 Model validation
3.5.1 Maximum load bonding parameter model validation

To verify the reliability of the maximum load and bonding
parameter contact model, physical experiments were conducted
with five sets of organic fertilizers at different moisture contents.
Using the maximum load as the validation criterion, the bonding
parameters of the fertilizer (4, B, D, E) were optimized and

calibrated using Design-Expert 13 software. The results are listed in
Table 9.

Table 9 Optimum values of bonding parameter and
experimental results of organic fertilizers at different
water contents

Moisture content/% Maximum load/N 4/N-m® B/N-m” D/Pa E/mm
7.40 93.73 2.98x10" 1.86x10" 4.17x10° 0.33
10.70 86.30 3.88x10" 2.57x10" 3.60x10° 0.33
12.40 80.10 3.85%10" 2.42x10" 3.69x10° 0.30
15.30 71.20 3.27x10" 2.23x10" 3.45x10° 0.28
18.90 60.41 2.81x10" 2.65x10" 3.00x10° 0.27

Figure 11 shows a comparison between the maximum load
physical tests and simulation test results. The red dashed line and
red shaded area represent the maximum load physical test results
and their 95% confidence interval, while the blue error bars
represent the maximum load simulation test results. The yellow
dashed line represents the relative error between the simulation and
physical tests. From the figure, it can be seen that the results of the
five simulation tests all fall within the confidence interval, and the
overall relative error increases as the moisture content of the
fertilizer increases. The main reason for this is that the internal
space of the organic fertilizer particles becomes loose or expands at
higher moisture content, leading to structural damage. Overall, the
prediction error for the maximum load is distributed around 3%,
with an average value of 1.98%. The overall error is small,
indicating that the maximum load and bonding model parameters
have good reliability.
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Figure 11 Comparison of maximum loads for physical and

simulation tests
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3.5.2 Moisture content-bonding parameter model validation

To validate the accuracy and applicability of the established
moisture content and bonding parameter prediction model, 20
organic fertilizer samples with moisture contents ranging from 7.6%
to 18.9% were randomly prepared. The maximum load for samples
with different moisture contents was obtained using the physical
testing method described in Section 1.4.1. The moisture content and
bonding parameter prediction model established in Design-Expert

13 software was used. By inputting the maximum load
corresponding to the moisture content into the solver, the optimal
bonding parameter values for the given moisture content of the
organic fertilizer were obtained. A simulation experiment was then
conducted with these optimal parameter values to obtain the
simulated maximum load. The comparison between the physical
and simulation test results for the maximum load is shown in
Figure 12.
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Figure 12 Comparison of maximum loads in physical and simulation tests

The overall trend of the relative error in maximum load
prediction increases as the moisture content of the organic fertilizer
increases. When the moisture content is below 13.40%, the average
relative error of the predicted resting angle is 2.66%; for moisture
contents of 13.90% and above, the average relative error is 4.82%.
Overall, the average relative error for the 20 experiments is 3.51%,
and the error line length variation in the predicted maximum load
data is small, indicating more stable predictions. Therefore, the
established moisture content and bonding parameter model is stable
and reliable.

4 Conclusions

1) Physical experiments were conducted to obtain the moisture
content range (7.40%-18.90%), length and diameter averages of
10 mm and 6 mm, density of 1000.32 kg/m’, Poisson’s ratio of 0.30,
elastic modulus of 260 MPa, and the coefficient of restitution, static
coefficient of friction, and kinetic coefficient of friction for column
granule organic fertilizers with different moisture contents and
between the organic fertilizer and steel plate. The Hertz-Mindlin
bonding model was used to establish a model for column granule
organic fertilizer with a length of 10 mm.

2) Maximum load data for organic fertilizers at different
moisture contents were obtained through uniaxial compression tests.
The significant parameters affecting the maximum load of organic
fertilizer and their optimal range were determined by combining the
Plackett-Burman experiment and the steepest ascent experiment. A
moisture content and bonding parameter model was established
using the Box-Behnken design. The experimental results show that
the model predicts the maximum load of organic fertilizer with
moisture content ranging from 7.40% to 18.90%, with an average
relative error of 3.51%. This indicates that the developed discrete
element bonding parameter prediction model has high accuracy
across a wide range of moisture contents.

3) The Hertz-Mindlin bonding contact mechanics model used
in this study can accurately represent the characteristics of organic

fertilizer particles at low moisture contents. However, its accuracy
significantly decreases at higher moisture contents. Therefore,
future research will explore the use of a coupling between the Hertz-
Mindlin bonding contact model and the JKR contact model to study
organic fertilizers with higher moisture content ranges. The aim is
to develop a discrete element bonding contact mechanics model
suitable for various moisture content levels. This will address the
issue of poor applicability of the discrete element bonding contact
parameters due to changes in moisture content.
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