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Calibration of parameters for a discrete element model of cotton field
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Abstract: During residual film recovery operations, the mixing of residual film with soil and the absence of accurate
interaction parameters significantly hinder the optimization of key machinery components. To tackle this issue, this study
develops a discrete element simulation model based on the Hertz—Mindlin with JKR (Johnson-Kendall-Roberts) contact model,
using the residual film-soil mixture as the simulated material. The contact parameters were calibrated through a combination of
physical experiments and EDEM simulations. Using Design-Expert software, angle of repose tests and Plackett—Burman
experiments were carried out to identify the parameters that have a significant influence on the angle of repose. The optimal set
of parameters was determined through steepest ascent and Box—Behnken design (BBD) experiments: residual film—soil rolling
friction coefficient 0.61, soil—soil rolling friction coefficient 0.60, soil-steel static friction coefficient 0.68, and soil JKR surface
energy 0.46 J/m’. Validation results indicate relative errors of 4.58% for the angle of repose and 2.58% for the uniaxial
compressive strength between simulated and measured values. These outcomes offer a useful reference for optimizing residual
film recovery equipment and for modeling soil-residual film composite materials.
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1 Introduction

The widespread use of plastic film mulching technology in
cotton fields in Xinjiang has significantly increased cotton yield and
quality, but has also led to serious pollution from residual plastic
film™. Mechanized recovery is an effective approach to improve
soil structure and reduce environmental pollution. However, during
the recovery process, the mixing of residual plastic film with soil
and the lack of accurate interaction parameters greatly hinder the
optimization of key components in film recovery machinery,
leading to a high impurity rate in the recovered materials.
Therefore, systematic research on the physical properties of residual
film-soil mixtures is urgently needed. Since conventional
experimental methods have difficulty accurately obtaining relevant
contact parameters”, the introduction of discrete element simulation
technology to model the interaction between soil and residual film
can provide important theoretical foundations and technical support
for optimizing the structure of residual film recovery machinery and
for modeling residual film-soil mixture.

In recent years, the discrete element method (DEM) has been
extensively applied to model and calibrate the parameters of various
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agricultural particulate systems®. Researchers have successfully
developed DEM models for a range of single plant components,
such as Ligier et al.”), who employed the multi-sphere method to
construct a DEM model of maize kernels and calibrated its key
parameters. Han et al.” utilized DEM to validate contact parameters
for soybeans. Shi et al.”! constructed a flexible model of flax stems
using a DEM bonding model and calibrated its parameters to
simulate the shearing process of flax stems. Du et al.”’ conducted
tensile and puncture tests on a DEM mechanical model of tea stems.
Han et al.® established a discrete element model for moist sand
particles and calibrated its key parameters. Ma et al.”’! employed a
delayed elasticity model and linear adhesion model to develop a soil
particle discrete element model, calibrating soil parameters. Tian et
al.” created a moving discrete element model for maize stover-soil
mixtures, calibrating contact parameters via angle of repose. Ma et
al.l' employed the discrete element method to establish a
simulation model for maize stover and cattle manure mixtures,
validating parameters through uniaxial compression tests. Yao et
al.' developed a soil-root-stover discrete element model, verifying
contact parameters using the angle of repose. Despite these
advances in modeling various agricultural composites, a significant
research gap persists. There is a notable scarcity of research
dedicated to the simulation and parameter calibration of soil-
residual film mixtures, which is the focus of this work.

This research focuses on the parameter calibration of residual
film-soil mixtures found in Xinjiang’s cotton fields. By combining
physical experiments with numerical simulations, the contact
parameters for the residual film-soil mixture were calibrated using
EDEM software. The angle of repose, selected as the key response
variable, was measured using image processing techniques.
Subsequently, a series of Plackett-Burman screening, steepest
ascent (ramp), and Box-Behnken response surface tests were
conducted to determine the optimal discrete element parameters for
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the mixture!"”. Finally, the reliability of these calibrated parameters
was validated against physical angle of repose and uniaxial
compression tests. This process establishes a validated foundation
for constructing an accurate discrete element model of the residual
film-soil mixture.

2 Materials and methods

2.1 Test materials

The experimental materials were sourced from a cotton farm in
Yuli County, Bayingolin Mongol Autonomous Prefecture, Xinjiang
Uygur Autonomous Region, characterized by a sandy loam soil
type. Following the autumn film recovery, composite samples of the
residual film-soil mixture were collected using a standard five-point
sampling method. The samples were then processed in the
laboratory. The density of both soil and film was measured
separately. Soil moisture content was determined via the drying
method. The dried soil was sieved, with the dominant fraction
(93.25%) falling within the 0-2 mm particle size range.
Concurrently, the separated film was washed and cut into small,
uniform strips. The final configuration of the simulated film-soil
sample is depicted in Figure 1.
2.2 Test method

To calibrate the discrete element parameters for a residual film-
soil mixture, a methodology integrating physical and simulated tests
was employed. Initially, the mean angle of repose of the mixture
was determined through physical experiments on a dedicated testing

Soil Residual film

Figure 1

a. Physical test angle of repose measurement

rig. In parallel, simulations were conducted in EDEM 2022. A
Plackett-Burman test, designed in Design-Expert 13.0, was
performed to screen for parameters with a significant influence on
the simulated angle of repose!*'“. Next, the steepest ascent method
was used to efficiently locate the optimal region for these factors.
Subsequently, a Box-Behnken Design (BBD) was implemented to
construct a response surface regression model. This model was then
optimized to derive the ideal combination of parameters*'".
Finally, a validation test was run using this optimal parameter set,
and the simulated angle of repose was compared against the
experimental result to verify the accuracy of the calibrated model.
2.3 Residual film-soil mixture angle of repose physical test

The physical angle of repose for the residual film-soil mixture
was measured using a custom testing rig, as depicted in Figure 2.
The apparatus consists of a hopper, a support frame, and a steel base
plate. During each trial, the mixture was released from the hopper
onto the plate. Once the resulting pile stabilized, a frontal
photograph was captured with a smartphone mounted perpendicular
to the frame. To ensure measurement accuracy, the captured images
were processed in MATLAB. This involved binarization and
contour extraction to precisely define the pile’s edges'**". The
resulting edge data was imported into Origin, where linear fitting
was applied to both slopes of the pile to calculate the angle of
repose (Figure 5). The experiment was replicated 10 times, and the
average value was calculated. The mean physical angle of repose
for the mixture was determined to be 29.80°.

Soil screening

Simulation model of residual film and soil sample

Hopper

Residual film

Soil
Steel plate

b. Simulated angle of repose test

Figure 2 Angle of repose measurement

3 Angle of repose simulation test

3.1 Selection of contact model

A key characteristic of residual film-soil mixtures is their
inherent particle adhesion, which is primarily attributed to the
electrostatic nature of the residual film. The Hertz-Mindlin with
JKR contact model is specifically designed to simulate such
cohesive behaviors by incorporating interparticle attractive forces*.
Consequently, this model was employed to construct the discrete
element representation of the film-soil mixture in this study.

The JKR model quantifies the normal elastic contact force Fixr

that arises from particle interaction and surface deformation, a
process depicted in Figure 3. This force is primarily determined by
two key parameters: the normal overlap (J) and the surface energy
(p)'¥. The relationship is expressed by the following equation:
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where, Fixg is the normal elastic force in the model, N; ¢ is the
normal overlap between two contacting particles, m; a is the
tangential overlap between two contacting particles, m; y is the
surface energy, N/m; E” is the equivalent Young’s modulus, Pa; R
is the equivalent contact radius, m; v, and v, are the Poisson’s ratios
of the two particles; £, and E, are the shear moduli of the two
contacting particles, Pa; R, and R, are the radii of the two contacting
particles, m.

Particle 1 Particle 2

a

R, R,

J
Figure 3 Schematic diagram of Hertz-Mindlin with JKR contact
model principle

When the surface energy y=0, the normal force F, in the Fygy
model is equal to that in the Hertz-Mindlin contact model, i.e.,

4)

If particles are not in direct contact, the JKR model can also
provide attractive cohesive forces!"”, with the maximum gap for non-
zero cohesive forces between particles being:
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where, J, represents the maximum normal gap between particles
when nonzero cohesive forces exist, m; «, denotes the maximum
tangential gap between particles whennonzero cohesive forces exist, m.
When 6>4,, the cohesive force between particles becomes zero.
When particles are not in actual contact and separated by a
distance equal to J,, cohesive force reaches its maximum value.
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o

Contour image

a. Simulation of the angle of repose

where, F1.or Tepresents the cohesive force between two particles, N.
3.2 Simulation model development

The angle of repose simulation was set up in EDEM 2022. A
three-dimensional hopper model, created in SolidWorks, was
imported as an STL file. The steel base plate was generated
internally using EDEM’s Polygon feature, with its material
properties defined as per Table 1. Two particle factories were
established above the hopper to dynamically generate soil and
residual film particles under gravity (9.81 m/s*)*?!. The residual
film was modeled as flexible strips by bonding 0.5 mm radius
spheres  together, providing a computationally efficient
representation. After the mixture settled into a stable pile on the
steel plate (Figure 4), the angle of repose was measured in the post-

Table 1 Material intrinsic parameters

Parameters Values
Soil Poisson’s ratio 0.36
Soil shear modulus/Pa 1x10°
Residual Poisson’s ratio 0.32
Residual film shear modulus/Pa 1.57x10°
Steel Poisson’s ratio 0.3
Steel shear modulus/Pa 7.8x10"
Steel density/kg-m™ 7850

Grayscale image

Binarized image

b. Contour line extraction
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c. Contour line fitting

Figure 5 Extraction and fitting of simulated angle of repose profiles
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processor by applying a three-point protractor tool to the pile’s
cross-section”*%. The initial range of contact parameters used in the
simulation is listed in Table 2.

Table 2 Parameters and level required in DEM simulation

Parameters Levels
-1 0 1
Residual film-soil recovery coefficient X; 0.25 0.45 0.65
Residual film-soil static friction coefficient X, 0.40 0.50 0.60
Residual film-soil rolling friction coefficient X3 0.35 0.55 0.75
Soil-soil recovery coefficient X 0.15 0.45 0.75
Soil-soil static friction coefficient X5 0.16 0.50 0.84
Soil-soil rolling friction coefficient X 0.10 0.40 0.70
Soil-steel static friction coefficient X, 0.40 0.60 0.80
Soil-steel rolling friction coefficient Xy 0.15 0.20 0.25
Soil JKR surface energy Xo/(J-m?) 0.20 0.40 0.60
Residual film-soil JKR surface energy X,o/(J-m?) 0.30 0.40 0.50

4 Test and result analysis

4.1 Plackett-Burman test

To identify the most influential simulation parameters, a
Plackett-Burman screening design was implemented using Design-
Expert 13.0 software. The angle of repose of the residual film-soil
mixture was designated as the primary response variable®”. The
experimental design consisted of 12 groups, evaluating the ten
factors listed in Table 3 (X,—X),), which include various coefficients
of restitution, friction, and JKR surface energy; k£ denotes the
dummy blank column. An analysis of variance (ANOVA) was
performed to determine the significance of each factor. The results,
presented in Table 4, rank the factors by their effect on the angle of
repose. The order of significance was determined to be X;>X>
X>Xo>Xo>X>Xg>X > X >Xs. Notably, the top four factors—the
soil-steel static friction coefficient (X;), soil-soil rolling friction
coefficient (X;), residual film-soil rolling friction coefficient (X3),
and soil JKR surface energy (Xy)—collectively contributed to
90.46% of the observed variation. All other factors had individual
contributions of less than 5%. Consequently, these four highly
significant parameters were chosen for further optimization using
the method of steepest ascent™.

The statistical analysis in Table 4 confirms the significance and
robustness of the model. The overall model is highly significant
(»<0.05) and demonstrates an exceptional goodness of fit, with a
coefficient of determination (R?) of 0.9998 and an adjusted R* of
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Standardized effect

t-value of effect

a. Half-normal probability effect diagram of standardized effect

0.9973. The R* value, approaching 1, demonstrates strong model
correlation®. Furthermore, the experiment’s high precision and
reliability are confirmed by a low coefficient of variation (CV=
0.6829%). Among the tested parameters, the p-values for X3, X, X7,
and X, were all less than 0.05, identifying them as the factors with a
statistically significant influence on the angle of repose.

Table 3 Results of Plackett-Burman design test
Test Factor Angle of
number X, X, X; X, X; X, X, Xy X, X, k repose/6(°)
1 -1 1 1 1 -1 -1 -1 1 -1 1 1 23.25
2 -1 -1 -1 1 -1 1 1 -1 1 1 1 29.67
3 1 1 -1 -1 -1 1 -1 1 1 -1 1 26.34
4 -1 1 -1 1 1 -1 1 1 I -1 -1 25.12
5 1 1 -1 1 1 1 -1 -1 -1 1 -1 25.29
6 1 -1 1 I -1 1 1 1 -1 -1 -1 28.93
7 1 1 I -1 -1 -1 1 -1 1 1 -1 31.05
8 -1 1 I -1 1 1 1 -1 -1 -1 1 32.19
9 1 -1 -1 -1 1 -1 1 1 -1 1 1 24.38
10 -1 -1 1 -1 1 1 -1 1 1 1 -1 28.76
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 24.27
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 20.32
Table 4 Analysis of Plackett-Burman design test results
B e Memsqure i, S
X 0.16 0.0752 0.05 0.3728 9
X, 1.15 3.9800 2.94 0.0579 5
X5 2.89 25.0300 18.46 0.0231 3
Xy -1.09 3.5300 2.61 0.0614 6
X5 0.08 0.0169 0.01 0.6051 10
X 3.80 43.2800 31.93 0.0176 2
X; 3.85 44.5100 32.83 0.0174 1
X -1.00 3.0100 2.22 0.0665 7
X, 1.81 9.8100 7.24 0.0369 4
Xy 0.87 2.2800 1.68 0.0763 8

A visual analysis of the Plackett-Burman results was conducted
using a semi-normal probability plot and a Pareto chart, as
presented in Figure 6. In the semi-normal plot (Figure 6a), the
significance of a factor is indicated by its distance from the fitted
line of null effects. Factors X, X;, X7, and X, are positioned far from
this line, clearly identifying them as the most influential parameters.

Bonferroni limit 140.054
[@Positive effects
B Negative effects
105.04 +
70.03 r
35.01 F
t-value limit 12.7062
. I 0oop.._._
X X XN X X X X X X XS
1 2 3 4 5 6 7 8 9 10 11

Pareto chart
b. Pareto chart

Figure 6 Analysis of significant effects from the Plackett-Burman experiment results
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All four demonstrate a positive effect on the angle of repose, with
the magnitudes of Xj and X; being substantially greater than those
of X; and X,. The Pareto chart (Figure 6b) provides further
confirmation. The standardized effects for factors Xj, X, X7, and X,
all surpass the Bonferroni limit, again highlighting their statistical
significance. Based on these conclusive results, all non-significant
factors were held constant at their central values for the remainder
of the study (X;=0.45, X,=0.5, X,=0.45, X5=0.5, X;=0.2, and
X10=0.4).
4.2 Steepest ascent experiment

Based on the results of the Plackett-Burman test, a steepest
ascent experiment was designed to efficiently locate the optimal
response region for the four most significant factors: the soil-steel
static friction coefficient (X;), soil-soil rolling friction coefficient
(Xs), residual film-soil rolling friction coefficient (X;3), and soil JKR
surface energy (X;). Non-significant parameters were fixed at their
intermediate levels. The experimental design and corresponding
results are summarized in Table 5. The performance of each
parameter set was evaluated by the relative error (Y;) between the
simulated angle of repose (0') and the measured physical angle (6),
as defined in Equation (8). The analysis revealed that the fourth set
of parameters minimized this relative error. Therefore, this set was
chosen as the central level (0) for the next stage of optimization.
The values from the preceding (third) and succeeding (fifth)
experimental groups were designated as the low (-1) and high (+1)
levels, respectively, for the upcoming Box-Behnken Design
(BBD)®. The factor level coding is provided in Table 6.

|65 — 6]

Y= % 100% (®)

where, Y is the relative error of the angle of repose, %; 0y is the
simulated angle of repose, (°); @ is the actual angle of repose, (°).

Table 5 Design and results of climbing test

Testmumber  Xo  Xo % XKm)  Aeeesl Reathe
1 035 0.10 0.40 0.20 24.39 16.98
2 045 025 0.50 0.30 26.46 11.21
3 0.55 040 0.60 0.40 31.86 6.91
4 0.65 055 0.70 0.50 28.63 3.93
5 075 0.70 0.80 0.60 32.86 10.27
Table 6 BBD test factors and levels coding
Encoding Factor
X, X, X, Xo/(J'm?)

-1 0.55 0.40 0.6 0.40

0 0.65 0.55 0.7 0.50

1 0.75 0.70 0.8 0.60

4.3 Box-Behnken test

To optimize the four significant parameters (X3, X5, X7, and Xj),
a Box-Behnken Design (BBD) was implemented. This four-factor,
three-level experiment used the angle of repose as the response
metric and comprised a total of 29 trials, with factor levels informed
by the steepest ascent results. The experimental design and results
are detailed in Table 7, while the corresponding analysis of variance
(ANOVA) is presented in Table 8°".
4.4 Interaction effect analysis in regression models

Using Design-Expert 13.0, a second-order polynomial
regression model was established through an analysis of variance
(ANOVA) of the experimental results. This model defines the

relationship between the angle of repose and the four experimental
factors, as expressed in the following equation:

Table 7 Test scheme and results

Test number Factor Angle of
X5 Xs X; X/(J-m?) repose/0(°)
1 0 1 0 1 29.44
2 -1 1 0 0 31.41
3 1 0 1 0 29.93
4 0 -1 1 0 31.46
3 1 -1 0 0 28.95
6 0 1 -1 0 29.79
7 0 1 0 -1 31.88
8 0 0 1 -1 3227
9 0 0 0 0 29.14
10 0 ! 1 0 3024
1 -1 -1 0 0 28.53
12 0 0 0 29.97
13 1 0 1 28.12
14 1 0 -1 31.47
15 0 -1 0 1 30.63
16 -1 0 1 0 30.98
17 0 0 1 1 28.25
18 1 0 -1 0 26.44
19 0 -1 -1 0 25.32
20 0 0 0 0 29.93
21 1 1 0 0 29.47
22 0 0 -1 1 27.32
23 -1 0 -1 0 25.41
24 0 0 0 29.93
2 0 0 29.76
26 -1 0 -1 2834
27 0 0 -1 -1 26.54
28 -1 0 1 29.26
29 0 -1 0 -1 27.89

Table 8 ANOVA of quadratic model

Sources of Sumof Degree of Mean Fovalue p-value  Significance

variance  squares  freedom  square

Model 88.72 14 6.34 17.95 <0.0001 **
X3 0.0169 1 0.0169 0.0478  0.8301 -

Xs 7.44 1 7.44 21.08  0.0004 **

X; 41.48 1 41.48 117.49 <0.0001 *x

Xy 2.40 1 2.40 6.81 0.0206 *

X3 X 1.39 1 1.39 3.94 0.0670 -
XX 1.08 1 1.08 3.06 0.1019 -
XX, 4.56 1 4.56 1291  0.0029 ok
XeX7 8.09 1 8.09 2293 0.0003 ok
XeXo 6.71 1 6.71 19.00  0.0007 ok
XXy 5.76 1 5.76 1632 0.0012 **
X32 1.45 1 1.45 4.12 0.0619 -
Xg 0.8598 1 0.8598  2.44 0.1409 -
X% 6.73 1 6.73 19.06  0.0006 ok
Xg 0.0479 1 0.0479 0.1356  0.7182 -
Residual 4.94 14 0.3530 - - -
Lack of fit 4.46 10 0.4457 3.67 0.1107 -
Pure error  0.4853 4 0.1213 - - -
Cor total 93.66 28 - - - -

Note: * indicates a significant impact (0.01<p<0.05); ** indicates that the effect
is extremely significant (p<0.01).
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0=29.75+0.7875X, + 1.86X, — 0.4475X, — 1.07X, X, —
142X, X, — 1.29X,X, — 1.2X,X, — 1.02X2 9)

The variance analysis of the experimental regression model is
listed in Table 8. The regression model is highly significant (p<
0.0001) with the coefficient of determination R’ is 0.9472, which
indicating a good fit of the regression equation; And the coefficient
of variation is 2.03%, demonstrating high reliability of this
experiment. This indicates the model effectively reflects the
relationship between the angle of repose and residual film-soil
rolling friction coefficient X3, soil-soil rolling friction coefficient X,
soil-steel static friction coefficient X7, and soil JKR surface energy
X;. The model F-value reveals the influence order of the four
experimental factors on the angle of repose, from greatest to least:
X5, X, X, Xo. Among these, X, X7, X3Xo, XcX7, XeXo, X:Xo, and X7

Angle of repose/(°)

Angle of repose/(°)

c. Interaction between X and X,

exerted extremely significant effects on the angle of repose; Xy had
a significant effect; while X3, X3Xg, X3X7, X7, X2, and X? showed no
significant influence.

Response surface plots illustrating the interaction effects on the
angle of repose were generated using Design-Expert 13.0 and are
presented in Figure 7. The steepness of a curve on these plots
corresponds to the magnitude of the factor’s influence. By visually
inspecting the plots, the relative impact of the interacting factors can
be determined. Figure 7b and Figure 7d clearly show that the
response surface for the soil-steel static friction coefficient (X;) is
steeper than that for both the soil-soil rolling friction coefficient (X;)
and the soil JKR surface energy (X,), indicating its dominant effect.
Similarly, the curves for X (Figure 7¢) and X, (Figure 7a) are also
significant, with X having a greater influence than X,. These visual
results corroborate the statistical findings from the ANOVA.

Angle of repose/(°)

Angle of repose/(°)

0.65
0.40 0.60

d. Interaction between X; and X,

Figure 7 Effect of interaction on repose angle

4.5 Optimization of residual film-soil mixture parameters and
simulation validation

To determine the optimal parameter values, the optimization
function within Design-Expert software was employed. The
regression model was solved with the experimentally measured
angle of repose (29.80°) set as the target value. This process yielded
candidate parameter combinations. Each of these
combinations was then used in a verification simulation. The final,

several

validated parameter set was chosen based on which simulation
produced a pile morphology that most accurately replicated the
physical test results. The optimal values were determined to be:
residual film-soil rolling friction coefficient 0.61, soil-soil rolling
friction coefficient 0.60, soil-steel static friction coefficient 0.68,
and soil JKR surface energy 0.46 J/m”.

4.5.1 Angle of repose verification test

A validation simulation was conducted in EDEM to confirm
the accuracy of the optimized parameter set. The previously
determined optimal values were input into the model, with non-
significant parameters maintained at their intermediate levels®.
Three replicate simulations were run to ensure repeatability. The
resulting angles of repose were 31.56°, 30.64°, and 31.48°, yielding
a mean value of 31.23°, as illustrated in Figure 8. When compared
to the actual angle of repose, this average value represents a relative
error of 4.58%. This result provides strong evidence for the
reliability of the calibrated contact parameters.
4.5.2 Uniaxial compression molding validation test

To further validate the calibrated parameters, a simulated
uniaxial compression test was conducted and compared against
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experimental results (Figure 9)*. The simulation meticulously
replicated the physical test conditions, including particle mass and
indenter velocity. The resulting force-displacement data was exported
from the post-processor and analyzed in Origin. The comparison
revealed a strong correlation between the simulated and

experimental curves, confirmed by a high coefficient of

a. Simulation test

determination (R’=0.965 46). Furthermore, the simulated peak
compressive force of 850.20 N was in close agreement with the
experimental value of 872.13 N, representing a relative error of only
2.58%. Collectively, these results confirm that the calibrated contact
parameters for the residual film-soil mixture are accurate and
suitable for constructing a discrete element simulation model.

b. Physical test

Figure 8 Comparison of physical test and simulation test of stacking angle
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Figure 9 Uniaxial compression simulation test and physical test

5 Conclusions

1) A discrete element model of residual film-soil mixtures from
Xinjiang cotton fields was developed in EDEM. The Hertz-Mindlin
with JKR contact model was employed to simulate the mixture’s
behavior and calibrate its key contact parameters.

2) Integrating physical tests with simulations in Design-Expert
13.0, a Plackett-Burman experiment first identified the four most
significant factors influencing the angle of repose: the soil-steel
static friction coefficient (X;), soil-soil rolling friction coefficient
(Xs), residual film-soil rolling friction coefficient (X3), and soil JKR
surface energy (Xo). Subsequently, a Box-Behnken Design (BBD)
was used to develop a predictive regression model linking these
factors to the response. This model was then thoroughly analyzed
for variance and interaction effects.

3) The optimization process yielded the final calibrated
parameter set: a residual film-soil rolling friction coefficient of 0.61,
a soil-soil rolling friction coefficient of 0.60, a soil-steel static
friction coefficient of 0.68, and a soil JKR surface energy of
0.46 J/m*>. The reliability of this combination was confirmed
through comprehensive validation testing. The relative error
between the simulated and physical angle of repose was 4.58%, and
the maximum relative error for the uniaxial compression test was
2.58%. These low error margins provide robust validation for the
simulation model’s parameters, offering a reliable foundation for
future discrete element studies of soil-residual film composites. To
improve the model’s fidelity, future studies must incorporate the

effects of moisture content on soil mechanical behavior, which is
essential for constructing a scientifically-grounded discrete element
model of the residual film-soil mixture.

Data availability
Data will be made available on request.
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