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ABSTRACT

Soils in China's Yangtze River Basin are heavy and cohesive. During simulation studies of rotary tillage
preparation, obtaining accurate soil fragmentation patterns has been challenging due to the lack of precise soil
discrete element parameters. This study calibrated the physical and contact parameters of heavy clay soils
using the EDEM discrete element method. Soil density, shear modulus, Poisson's ratio, collision recovery
coefficient, static friction coefficient, and rolling friction coefficient between soil-soil and soil-tiller components
were experimentally determined. Soil penetration tests were conducted using the Hertz-Mindlin with JKR
contact model in EDEM software. A Plackett-Burman design identified four parameters significantly influencing
soil penetration stiffness: soil-soil collision recovery coefficient, soil-soil static friction coefficient, JKR surface
energy, and soil-soil rolling friction coefficient. Building upon this, a second-order regression model linking soil
firmness to key parameters was established via Box-Behnken experiments. An optimization algorithm was
then employed to determine optimal parameter values, yielding the following combination: soil-soil static friction
coefficient 0.441, soil-soil collision recovery coefficient 0.537, and JKR surface energy 9.551 J/m2 Validation
results demonstrated that under optimal parameters, the simulation error of soil stiffness compared to
experimental data was only 3.0%, confirming the accuracy of the calibrated parameters.
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INTRODUCTION

China's agricultural soils exhibit diverse types, necessitating the determination of numerous soil
parameters during discrete element simulation modeling. The accuracy of these parameters is a critical
prerequisite for ensuring the reliability of simulation results. However, some researchers face limitations in
measurement equipment, making it difficult to accurately obtain soil parameters. Therefore, establishing
scientifically sound methods for soil parameter measurement and calibration holds significant importance
(Pang et al., 2023).
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Currently, research on parameter calibration for soil discrete element modeling both domestically and
internationally has primarily focused on weakly cohesive soil types, such as sandy soils, dry soils, or rock.
Ucgul M et al. (2014) calibrated simulation parameters for cohesive and non-cohesive soils by combining
angle-of- repose tests with the Hertz-Mindlin and Hysteretic Spring contact models, addressing issues such
as plastic deformation under loading. Aikins et al. (2021) calibrated contact parameters for the Hysteretic
Spring and Linear Cohesion models in cohesive soils using soil angle of repose tests. Xinliang Tian et al.
(2021) established a discrete element model for corn stover-soil mixtures by determining the angle of repose
of the mixture as a calibration indicator using the cylinder lift method, and systematically optimized the model's
key micro-parameters. Jingbin Sun et al. (2022) focused on sloping clay loam soils, calibrating inter-particle
contact parameters using a simulated angle-of- repose optimization method. Long Zhou et al. (2022) precisely
calibrated discrete element contact parameters for soil-seed mixtures using the cylinder lift method and soil
surface slope slip tests, providing theoretical basis for optimizing precision seeding equipment design. He et
al. (2024) calibrated saline-alkali soil using the Hertz-Mindlin with Johnson-Kendall-Roberts contact model,
with the angle of repose as the evaluation indicator. Peishi Zou et al. (2025) employed angle of repose tests
to identify key discrete element parameters influencing the tillage process of white-slime soils. However, for
highly cohesive soil types such as heavy clay soils and paddy soils, the angle of repose fails to accurately
reflect their soil conditions. On one hand, the strong cohesive and adhesive forces between clay particles make
it difficult for traditional contact models to accurately characterize their mechanical behavior. On the other hand,
changes in moisture content significantly affect the mechanical properties of clay soils, increasing the complexity
of parameter calibration. Therefore, conducting parameter calibration studies for cohesive soils and establishing
contact models and calibration methods suitable for highly cohesive soils (Mi et al., 2025) has become a critical
issue requiring urgent resolution in the field of soil discrete element simulation.

Xifeng Liang et al. (2024) through piston extraction tests, the discrete element contact model for tidal
flat soil was optimized, enabling effective simulation of tidal flat soil properties. This holds significant
importance for simulating the operating conditions and optimizing the design of tidal flat working equipment.
Bahrami et al. (2020) through discrete element method (DEM) simulations of plate settlement tests, the
influence patterns of key micro-parameters—such as cohesion and elastic collision recovery coefficient—on
soil settlement characteristics were revealed. Jin Zhang et al. (2021) using the angle of repose test (cylinder
lift method) and soil firmness test (penetration resistance) as dual response indicators, the cohesive
parameters between soil particles and the interface characteristics between soil and agricultural machinery
components were calibrated. These studies provide crucial parameter references and methodological
guidance for discrete element simulations under varying soil conditions. Soil penetration tests focus on
“resistance to failure under localized loading” suitable for analyzing soil bearing capacity and dynamic
response, applicable to both cohesive and non-cohesive soils. Angle of repose tests focus on “natural
accumulation characteristics under unconstrained conditions” primarily reflecting the flowability and looseness
of non-cohesive soils. Both tests are utilized in discrete element parameter calibration. However, the
penetration test is more sensitive to parameters like cohesion (suitable for cohesive soils), while the angle of
repose test is more sensitive to friction coefficients and particle shape (suitable for non-cohesive soils).
Therefore, employing the soil penetration test method in this study yields greater accuracy.

This study addresses the issue of unclear parameters in discrete element models for heavy clay soils
(Adajar et al., 2021) Using soil samples from Southeast Village, Xixiaju Town, Xinbei District, Changzhou
City, Jiangsu Province, the research employs the “Hertz-Mindlin with JKR” contact model within EDEM
software. Through comparative soil penetration simulation experiments, the study systematically achieves
precise calibration of parameters for the heavy clay soil discrete element model. This research aims to provide
areliable parameter foundation and simulation basis for subsequent in-depth investigations into the interaction
mechanism between heavy clay soils and soil-contact components.

MATERIALS AND METHODS
Soil sampling

On December 12, 2024, at Southeast Village, Xixiaju Town, Xinbei District, Changzhou City, Jiangsu
Province (31.93°N, 119.83°E), soil samples were collected using a soil sampler with the five-point sampling
method (Smith W. et al, 2013).
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Soil density

Soil density was determined using the volumetric displacement method. A known mass of oven-dried
soil was placed in a container, which was then filled with water. The water filled the void spaces within the soil,
allowing the sample volume to be determined by displacement. The mass and volume of the added water were
calculated using Equations (1) and (2).

M,=M.-M, (D
—Mp
VS B Ps (2)

where: M, is the mass of the added water, [g]; M, is the total mass of soil and water, [g]; M, is the mass of
the dry soil, [g]; ¥V, is the volume of the added water, [cm?]; ps is the density of water, [g/cm?].

The soil volume and particle density were then calculated as:

Vi=Ve-V (3
M,
Pt = — (4)

where: V; is the soil volume, [cm?]; V. is the container volume, [cm?]; p; is the particle density of the sail,
[g/cm?®]. The measured particle density of the soil was 2.655 g/cm?.

Vi

Soil moisture content
The soil moisture content was measured using a DHS-110-1 moisture tester (accuracy +0.5%). The
experiment was repeated five times, and the average soil moisture content was determined to be 23.48%.

Soil particle size distribution

A 1 kg oven-dried soil sample was subjected to sieve analysis using five standard sieves with aperture
sizes of 3 mm, 2 mm, 1 mm, 0.5 mm, and 0.25 mm. The sieves were mechanically vibrated for 10 minutes to
ensure uniform separation. After sieving, the mass of soil retained on each sieve was measured. Each test
was repeated five times, and the results were recorded with an accuracy of 0.1 g. The sieved soil fractions are
shown in Fig. 1, and the particle size distribution obtained from the sieve analysis is presented in Table 1. The
results indicate that a high proportion of particles are smaller than 0.25 mm, suggesting that the soil is
predominantly fine-grained.

5
6 4
3 1
2
Fig. 1 - Sieved soil particles
Table 1
Soil particle size distribution
Number Particle size Mass fraction
[mm] [%]
1 0~0.25 50.15
2 0.25~0.5 12.59
3 0.5~1 22.39
4 1~2 8.74
5 2~3 5.16
6 >3 0.97
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Soil Poisson's ratio
Poisson’s ratio of soil is defined as the ratio of lateral strain to axial strain under loading (Tian et al.,
2024). 1t can be determined through shear testing using a direct shear apparatus. During the test, several

levels of normal stress were applied to the soil specimen, and the corresponding shear responses were
recorded.

Fig. 3 - Schematic Diagram of the Direct Shear Test for Soils

By plotting the relationship between shear strength and vertical pressure, the soil's internal friction
angle (@) was determined to be 22.79°. Using equations (5) and (6), the soil's Poisson's ratio was calculated
to be 0.38. This study used the classic Rankine approximate formula to correlate the internal friction angle (o)
with Poisson's ratio (v), which is a theoretical approximation rather than a result from direct experiments on
the soil in the study area.

K =1-—sing (5)
= ©)
V=
1+K
where: K is the soil pressure coefficient; ¢ is the soil's internal friction angle, [°]; v is the soil's Poisson's ratio.
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Fig. 4 - Shear Strength vs. Vertical Pressure Relationship Curve Diagram
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Elastic modulus and shear modulus of soil

Standard cylindrical soil samples (diameter D = 50 mm, height L = 50 mm) were tested using a
Shandong Zhongyi WDW-10 universal testing machine. Axial load was applied at a constant rate of 1 mm/s,
and data on load (F) versus axial strain (AL) were collected (Figure 5).

Testing continued until the soil sample entered the plastic deformation stage and exhibited the
descending segment of the stress-strain curve. Five replicate tests were conducted. The elastic modulus was
calculated using Equations (7)-(9), and the shear modulus was determined via Equation (10).

AL
e=— (7)
D2
Azn(z) (8)
E=— ©)
T AXsg
Goe b (10)
T2x(1+v)

where: € is axial strain; AL is the deformation of the soil sample under compression, [m]; L is the original
height of the soil sample, [m]; D is the diameter of the soil sample, [m]; A is the contact area of the soil
sample, [m?]; F is the axial load applied to the soil sample, [N]; E is the elastic modulus, [Pa]; G is the shear
modulus, [Pa]; v is Poisson's ratio.

Fig. 5 — Crushing test of soil sample

Collision recovery coefficient

The coefficient of restitution for soil-soil and soil-steel interactions was determined using the free-fall
method. This parameter characterizes the ability of a material to recover after impact and reflects the energy
dissipation during collision processes (Diao et al., 2024). The experimental setup is shown in Fig. 6. A
preformed soil block was released from a vertical height of 150 mm above the impact surface (soil plate or
steel plate), resulting in a normal collision. After impact, the soil block rebounded and subsequently fell onto a
receiving plate along an oblique trajectory. A high-speed camera was used to record the entire process,
capturing the motion before and after impact. The rebound height was determined from the recorded images,
allowing quantitative evaluation of the restitution characteristics at the contact interface. This method provides
fundamental data for analyzing the impact behavior between soil and metallic materials.

impact plate soil clod

Collision plat . .
ollision plate collision point

Laptop computer

laterial receiving-plate
High-speed
photography
equipment

material receiving plate

(a) (b)

Fig. 6 - Crash recovery coefficient measurement test
(a) Coefficient of Restitution Test Bench; (b) Measurement Principle of Coefficient of Restitution
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The collision recovery coefficient was calculated using the following formula:

1%
C == (11)
n
T Uy
Vp = V; COS (— — 0, + arctan —) (12)
2 Uy
vV = Vg Sin (g - 91) (13)
v = /v,? + v (14)
Vo =+/29hy (15)
After the soil block collided with the impact plate, it underwent projectile motion, which is described by:
1
H = vyt+§gt2 (16)
L = vt (17)

where: C, is collision recovery coefficient; v,, is normal velocity of soil block relative to impact plate prior to
collision, [m/s]; v,, is normal velocity of soil block after collision with impact plate, [m/s]; v, is velocity of the
soil block upon reaching the collision point, [m/s]; h, is initial vertical distance between soil block and impact
plate, [mm]; H; is vertical distance between soil block impact point and receiving plate, [mm]; L, is horizontal
distance between soil block impact point and receiving plate landing point, [mm].

After repeating the test five times, the collision recovery coefficient between soil and soil was found to
range from 0.20 to 0.70, while the collision recovery coefficient between soil and steel ranged from 0.05 to
0.55.

Static friction coefficient

The static friction coefficient between soil-soil and soil-steel interfaces was determined using the inclined
plane method. As shown in Figure 7, the experimental setup consisted of an adjustable inclined plane platform
and an angle measurement system.

L]
#‘

soil block

N.

f1

laboratory plate

| e

L.

H.

(a) (b)

Fig. 7 - Static friction coefficient measurement test
(a) Static Friction Coefficient Test Bench;(b) Measurement Principle of Static Friction Coefficient

When determining the coefficient of static friction between soil and a steel plate, the prepared and sieved
soil was first evenly spread on the test plate and moistened thoroughly. After leveling, the soil layer was allowed
to consolidate and air-dry for subsequent use. Meanwhile, the steel plate was fixed onto the inclined plane.
During testing, the soil plate and steel plate were initially positioned horizontally. A soil sample was placed at
the upper end of the contact surface. The inclined plane was then raised at a constant rate until the soil sample
began to slide. At that moment, the adjustment was stopped, and the critical inclination angle was recorded.
The coefficient of static friction was calculated based on this angle. Each test was repeated ten times, and the
average value was taken to ensure reliability. The coefficient of static friction was calculated using:

__ fi _ Gysin®,

Hi= N_1 - G4 cos 6,
where: f; is sliding friction force, [N]; N; is plate support force on soil block, [N]; G; is soil block weight, [N];
6, is instantaneous tilt angle of the plate when the soil block begins to move, [°].

=tan@, (18)
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Through repeated experimental measurements, calculations based on Equation (16) yielded the
following results: the static friction coefficient between soil and soil ranged from 0.3 to 0.8, while the static
friction coefficient between soil and steel ranged from 0.35 to 0.65.

Coefficient of rolling friction

The rolling friction coefficient between soil and steel plate was measured using the apparatus shown in
Figure 8. Prepared soil balls were placed on a test plate inclined at an angle 85 to the horizontal plate and
allowed to roll freely. The rolling distance on the horizontal plate was measured, and the test was repeated 10
times to calculate the rolling friction coefficient (Diao et al., 2024).

1

laboratory

plate .
soil ball

the resting position of
the soil ball

horizontal plate

(a) (b)
Fig. 8 - Rolling friction coefficient measurement test

(a) Rolling Friction Coefficient Test Bench; (b) Measurement Principle of Rolling Friction Coefficient

According to the law of conservation of energy, the formula for calculating the rolling friction coefficient
U, is:

G,H; = u,G,(G, cos 03 + L) (19
where: G, is soil ball weight, [N]; H; is vertical distance between soil ball and horizontal plate, [N]; 85 is
angle between test plate and horizontal plate, [°]; L3 is soil ball rolling distance on horizontal plate, [mm].

Through repeated experimental measurements, calculations based on Equation (19) yielded the
following results: the rolling friction coefficient between soil particles ranges from 0.1 to 0.6, while the rolling
friction coefficient between soil and steel ranged from 0.05 to 0.25.

Soil puncture test

The soil penetration test is illustrated in Fig. 9 and was conducted using a universal testing machine, a
standard soil penetrometer probe (30° cone angle, 12.83 mm base diameter), and a cylindrical container (80
mm diameter, 400 mm height). The collected soil was placed into the container without compaction. The probe
was driven into the soil at a constant speed of 20 mm/s to a penetration depth of 50 mm. The force acting on
the probe was recorded and transmitted to a computer for data acquisition. Each test was repeated five times
using fresh soil samples. The peak penetration resistance was recorded for each test, and the average value
was calculated as the soil firmness, which was 82.2 kPa.

Multi-purpose
laboratory

bench

Probe

Fig. 9 - Soil Penetration Test
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Soil contact parameter simulation calibration

First, the Plackett-Burman design was employed to screen key influencing factors. Second, the
steepest ascent test was used to determine the optimization direction for each factor; finally, the Box-Behnken
response surface method was adopted to establish a quantitative relationship model between factors and
target values. The study targeted measured soil firmness as the objective value. Through analysis of variance
and significance testing, three key factors significantly influencing soil firmness were identified. A factor-
objective regression equation was established, ultimately determining the optimal parameter combination for
the soil discrete element model.

Establishment of soil particle models

In this study, soil particles were generated based on the measured particle size distribution and
corresponding mass fractions. Particles were assigned within each size interval to achieve a representative
distribution consistent with the actual soil. When defining the particle generation parameters, the median value
of each size interval was used as the particle radius, ensuring that the simulated particle size distribution
approximated the real soil characteristics. To balance computational efficiency and simulation accuracy, the
particle size in the simulation was scaled to five times the average particle size of the actual soil. The
corresponding mass fraction distribution is presented in Table 2.

Table 2
EDEM soil simulation particle diameter and mass fraction
Particle size Simulated particle diameter Mass fraction

[mm] [mm)] [%]
0~0.25 0.625 50.15
0.25~0.5 1.875 12.59
0.5~1 3.250 22.39
1~2 7.500 8.74
2~3 12.500 5.16

3< 15.000 0.97

Selection of soil contact models

In soil discrete element simulations, the JKR contact model accurately simulates the cohesive
behavior between soil particles, particularly for wet or clayey soils (such as clay, saline-alkali soils, etc.) (Tao
et al., 2023). This model is based on Hertz contact theory and simultaneously accounts for surface energy
effects caused by moisture or viscous substances. It accurately characterizes elastic contact forces and
surface adhesion forces between particles, reproduces the “contact-separation” hysteresis phenomenon, and
equivalently simulates capillary forces. Therefore, the Hertz-Mindlin with JKR model was selected as the
contact parameter for soil simulation.

Simulation parameters

The material parameters involved in this study include key mechanical properties such as the density,
Poisson's ratio, and shear modulus of soil and steel. These parameters were determined through experimental
measurements and supplemented with reference data from the literature( Wang et al., 2024). Specific values
are presented in Table 3.

Table 3
Intrinsic parameters of soil and steel
Parameters Soil Metal
Density  [kg/m?] 2655 7850
Poisson ratio 0.38 0.3
Shear modulus  [Pa] 1.3x108 7.9x10"0

The contact parameters studied primarily include the soil surface energy in the JKR model, along with
the collision recovery coefficient, static friction coefficient, and rolling friction coefficient between soil-soil and
soil-steel interfaces. These parameters were obtained by combining the experimental measurement ranges in
Table 3 with simulation calibration methods, with specific values shown in Table 4. The soil surface energy
parameter for the JKR model referenced recommended values from the EDEM software GEMM database and
other literature (Jin et al., 2024). Based on these fundamental parameter values, a soil particle model was
constructed.
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Experiments were designed for parameter calibration to examine the impact of parameter variations on
soil stiffness during penetration tests. The discrete element soil penetration test simulation process (Figure 10)
followed the actual penetration test procedure, with the cone penetrometer sinking at a constant speed of 20
mm/s (consistent with the actual test). To ensure simulation accuracy, the EDEM simulation applied a 40 mm
displacement to the pressure plate. The force load on the cone penetration rod, representing soil firmness,
was obtained through EDEM post-processing.

Table 4
Simulation contact parameter range
Parameters Encoding
-1 1
Soil-Soil Collision Recovery Coefficient A 0.2 0.7
Soil - Soil Static Friction Coefficient B 0.3 0.8
Soil - Soil Rolling Friction Coefficient C 0.1 0.6
Soil-Steel Impact Recovery Coefficient D 0.05 0.55
Soil-Steel Static Friction Coefficient E 0.35 0.65
Soil-to-Steel Rolling Friction Coefficient F 0.05 0.25
JKR Model Soil Surface Energy G/[J-m™2] 4.6 17.6
Pressure (Pa)
8.50e+04
6.80e+04
5.10e+04
3.40e+04
1.70e+04
0.00e+00

Fig. 10 - Soil Penetration Test

Plackett-Burman test

Soil penetration simulation tests (Figure 10) were employed for parameter optimization. Using the
force exerted on the cone penetration rod as the evaluation metric, 12 Plackett-Burman experiments were
designed using Design-Expert software to screen for significantly influential contact parameters. The
experimental design included 7 parameters under investigation (A to G) and 4 dummy parameters (H to K),
with each parameter set at two levels (high and low, coded as -1 and 1, respectively). To ensure data reliability,
each test was repeated five times, and the final average value was taken as the soil firmness result for that
test group.

Steepest climb test

After screening significant influencing parameters through Plackett-Burman experiments, the
steepest ascent method was employed to optimize parameter ranges. Non-significant parameters were set to
the midpoint of their measured ranges, while significant parameters were incremented stepwise according to
preset increments. Soil firmness values obtained from each simulation experiment were recorded, and
comparative analysis was conducted by calculating the relative error between simulation results and measured
data (Xiang et al., 2019).

BOX-Behnken test

Based on the parameter combinations optimized using the steepest ascent method, further
investigations were conducted to examine the influence patterns of different parameter configurations on soil
firmness error values. Following experimental design methodology, each significant factor was assigned to
low, medium, and high levels, resulting in 17 test groups, including 5 level-0 trials serving as baseline controls.
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RESULTS

Table 5 presents the Plackett-Burman experimental design and its corresponding results, where A to G
represent the parameter coding values. Analysis of variance conducted using Design-Expert software indicates
the significance levels of each parameter's effect, as shown in Table 5.

Table 5
Design and results of Placket -Burman test
Serial factor Soil Firmness
Number A B Cc D E F G H | J K [kPa]
1 -1 1 1 -1 1 1 1 -1 -1 -1 1 88.85
2 -1 1 1 1 -1 -1 -1 1 -1 1 1 84.9
3 1 -1 1 1 -1 1 1 1 -1 -1 -1 86.31
4 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 78.06
5 1 -1 1 1 1 -1 -1 -1 1 -1 1 83.9
6 1 1 -1 1 1 -1 -1 -1 -1 1 -1 101.03
7 1 1 -1 -1 -1 1 -1 1 1 -1 1 102.16
8 -1 -1 1 -1 1 1 -1 1 1 1 -1 72.5
9 -1 1 -1 1 1 -1 1 1 1 -1 -1 94.9
10 1 1 1 -1 -1 -1 1 -1 1 1 -1 107
11 -1 -1 -1 1 -1 1 1 -1 1 1 1 84.76
12 1 -1 -1 -1 1 -1 1 1 -1 1 1 95.9
Table 6
Parameter Significance Analysis Based on Soil Compaction
Source Sum of Squares df Mean Square F-value p-value
model 1147.29 7 163.90 26.78 0.0033**
A 435.97 1 435.97 71.24 0.0011**
B 499.36 1 499.36 81.60 0.0008**
C 92.69 1 92.69 15.15 0.0177*
D 6.26 1 6.26 1.02 0.3689
E 3.1 1 3.1 0.5084 0.5152
F 6.83 1 6.83 1.12 0.3505
G 103.08 1 103.08 16.48 0.0148*
Residual 24.48 4 6.12
Cor Total 1171.77 11

Note: ** indicates extremely significant (P<<0.01) ; *indicates significant (P<0.05) , The same applies below.

According to the statistical analysis results in Table 6, the regression model is statistically significant
(p<0.05). Specifically, the effects of independent variables A, B, C and G on soil firmness all reached a
significant level<0.05). The significance ranking of each factor is as follows: B (Most significant impact)> A >
G > C (least impact). The effects of the other examined factors on soil firmness did not reach statistical
significance (p>0.05).

Table 7 presents the steepest slope test plan and results analysis. The findings indicate that as A, B
and G increase, the simulated soil firmness gradually rises, while the relative error between simulation and
measured results first decreases and then increases. Among these, Test 3 exhibits the smallest relative error
in angle of repose, suggesting that the optimal parameter range lies near this test level. Therefore, subsequent
Box-Behnken experiments centered on level 3 (level 0), with levels 2 and 4 serving as low (-1) and high (+1) levels,
respectively. Specific parameter settings were: A=0.3,0.4,0.5;B=04,0.5,0.6; G=7.2,9.8, 12.4 J/m?,

Table 7
Design and results of the steepest ascent test
Serial factor Soil Firmness Relative error
Number A B G [Jim?] [kPa] [%]
1 0.2 0.3 4.6 76.6104 6.8%
2 0.3 04 7.2 77.8434 5.3%
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Serial factor Soil Firmness Relative error
Number A B G [Jim?] [kPa] [%]
3 0.4 0.5 9.8 78.8298 4.1%
4 0.5 0.6 12.4 78.64896 4.32%
5 0.6 0.7 15 71.83458 12.61%
6 0.7 0.8 17.6 68.4315 16.75%

Table 8 presents the Box-Behnken experimental design and results, where A, B, and G represent the
coded values for soil static friction coefficient, soil collision rebound coefficient, and soil surface energy in the
JKR model, respectively. Based on these experimental results, a second-order regression model for the three
independent variables (coded values) of soil firmness error was established using Design-Expert software.

The regression model is as follows:

Y=2.960-0.4875A-0.6125B-0.5250G-0.5750AB+0.400AG+2.05BG+0.907542+1.41B?+2.08G? (20)

Table 8
Design and results of the steepest ascent test
Serial Number factor Relative error Y

A B G [%]
! -1 -1 0 26
2 1 -1 0 55
3 -1 1 0 3.9
4 1 1 0 5.8
5 -1 0 -1 9.8
6 1 0 -1 7.2
! -1 0 1 3.7
8 1 0 1 23
9 0 -1 -1 47
10 0 1 -1 55
1 0 -1 1 75
12 0 1 1 5.2
13 0 0 0 2.7
14 0 0 0 4.1
15 0 0 0 5.9
16 0 0 0 56
17 0 0 0 35

Table 9 presents the results of the analysis of variance. The established quadratic polynomial regression
model demonstrates extremely high significance (P < 0.0001). Both the coefficient of determination (R? =
0.9943) and the adjusted coefficient of determination (R?aq; = 0.9869) approach 1, indicating that the regression
model exhibits excellent fitting performance with high reliability and statistical significance.

Table 9
Box-Behnken test quadratic polynomial Model ANOVA
Source Sum of Squares df Mean Square F-value p-value
model 59.00 9 6.56 24.68 0.0002**
A 1.90 1 1.90 7.16 0.0318*
B 3.00 1 3.00 11.30 0.0121*
G 2.21 1 2.21 8.30 0.0236*
AB 1.32 1 1.32 4.98 0.0609
AG 0.6400 1 0.6400 2.41 0.1646
BG 16.81 1 16.81 63.28 <0.0001**
A? 3.47 1 3.47 13.05 0.0086**
B? 8.34 1 8.34 31.40 0.0008**
G? 18.26 1 18.26 68.74 <0.0001**
Residual 1.86 7 0.2656
Lack of Fit 0.3875 3 0.1292 0.3510 0.7919
Pure Error 1.47 4 0.3680
Cor Total 60.86 16
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Table 9 indicates that the quadratic terms A%, B? and G? exert extremely significant effects on all
evaluation indicators (P < 0.01). Single-factor effect analysis reveals that the linear terms A, B, and G
significantly influence the evaluation indicators, with the magnitude of influence being B > G > A. In the
interaction analysis, the BG interaction term exhibits a significant effect on the evaluation indicators, while the
AB and AG interaction terms are insignificant (P > 0.05). This indicates a significant synergistic effect between
the soil-soil static friction coefficient B and the soil surface energy G in the JKR model. The order of influence
of interactions on the stiffness error value is: BG > AG > AB. As shown in Figure 11, the response surface
analysis results for the interactions among the objective functions (soil firmness parameters) indicate that the
error value of soil firmness increases with both the soil collision recovery coefficient and the JKR model soil
surface energy. However, the error value does not exhibit a simple linear relationship with the increase of these
two parameters. Instead, it follows a non-monotonic pattern of first decreasing and then increasing. The
interaction between the two parameters means that the error value of soil firmness changes as both
parameters increase simultaneously.

(%) oua ameray

Fig. 11 - Interaction affecting firmness parameters

Parameter optimization and validation

Using the optimization module of Design-Expert software, parameter optimization was performed on the
soil stiffness regression equation with a target value of 82.2 kPa based on measured soil stiffness. Through
simulation verification of stiffness values from multiple sets of optimized solutions via penetration tests, the
parameter set yielding the closest match between discrete element simulation results and experimental values
was ultimately selected as the optimal solution.

The optimized solution obtained is as follows: Soil discrete element simulation parameters are set as:
Soil-soil static friction coefficient 0.441, Soil-soil collision recovery coefficient 0.537, JKR contact model surface
energy 9.551 J/m?2. Non-significant parameters adopted median experimental values: soil-soil rolling friction
coefficient 0.15, soil-steel collision recovery coefficient 0.3, soil-steel static friction coefficient 0.5, soil-steel
rolling friction coefficient 0.15.

The soil discrete element model was constructed in EDEM software using the optimized parameter
settings. Through five repeated simulations of the soil penetration test, the obtained soil stiffness values were
78.5 kPa, 80.2 kPa, 79.8 kPa, 80.1 kPa and 80.0 kPa, with an average of 79.734 kPa. Compared to the
measured results, the relative error was only 3.0%, indicating good consistency between the discrete element
simulation results and the experimental data.

CONCLUSIONS

Based on the range of contact parameters, soil firmness was selected as the evaluation criterion, and
Design-Expert software was used to design the Plackett-Burman experiment. Results indicate that the soil-soil
static friction coefficient, soil-soil collision recovery coefficient, and surface energy of the JKR model exert the
most significant influence on the soil firmness (rigidity at penetration).
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The steepest climb test determined the optimal range for significant factors: soil-soil static friction
coefficient 0.3-0.5, soil-soil collision recovery coefficient 0.4—0.6, and JKR model surface energy 7.2-12.4
J/m?2,

Box-Behnken test results indicated that the quadratic terms (A%, B2, G?) of all three significant parameters
(soil-soil static friction coefficient, soil-soil collision recovery coefficient, and JKR model surface energy)
exerted extremely significant effects (P<0.01) on soil firmness. Additionally, a highly significant interaction
existed between the interaction term BG (soil-soil static friction coefficient B and JKR model soil surface energy
G) (P<0.01). The optimal parameter combination obtained through regression model optimization was: soil-
soil static friction coefficient 0.441, soil-soil collision recovery coefficient 0.537, JKR contact model surface
energy 9.551 J/m2. Non-significant parameters were set to the median values from experimental data: soil-soil
rolling friction coefficient 0.15, soil-steel collision recovery coefficient 0.3, soil-steel static friction coefficient 0.5,
soil-steel rolling friction coefficient 0.15.
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