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ABSTRACT  

To address the lack of simulation parameters when applying discrete element simulations to guide the optimal design of 

grapevine burying machines, this study focused on the soil conditions in Xinjiang. The soil was divided into three layers, 

and the static and dynamic angle of repose characteristics of each layer were investigated using the Hertz-Mindlin with 

Johnson-Kendall-Roberts (JKR) contact model. First, the Plackett-Burman test was used to eliminate parameters that had 

no significant effect on the static and dynamic angles of repose. Then, the steepest ascent test was applied to narrow the 

parameter ranges, followed by the Box-Behnken test to develop regression models between the repose angles and the 

significant parameters. The results showed that the soil-soil restitution coefficient, soil-soil rolling friction coefficient, soil-

steel static friction coefficient, and JKR surface energy were the key parameters influencing the static and dynamic repose 

angles. Experimental validation demonstrated that the average relative errors between the simulated and measured angles 

of repose using the optimized parameters were 0.92% and 0.32%, respectively, confirming the validity of the selected 

parameters. This study provides an important reference for the design optimization of grapevine burying machines and for 

discrete element simulation of other cohesive particulate materials. 

 

摘要 

针对应用离散元仿真指导葡萄埋藤机优化设计时仿真参数缺乏的问题。以新疆土壤为研究对象，将土壤分为三

层，以 “Hertz-Mindlin with Johnson-Kendall-Roberts”为接触模型，研究了不同土层的静/动态休止角特性。首

先利用 Plackett-Burman 检验排除对静/动态休止角影响不显著的参数，利用最陡爬坡检验缩小参数区间范围，

利用 Box-Behnken 检验得到静/动态休止角与显著性参数之间的回归模型。结果发现，土-土恢复系数、土-土

滚动摩擦系数、土-钢静摩擦系数和 JKR 表面能是影响静/动态休止角的主要参数。通过实验验证，最优离散元

模拟参数的静/动态休止角与实测值的平均相对误差分别为 0.92% 和 0.32%，验证了所选参数的有效性，该研

究为葡萄埋藤机的优化设计以及其他粘性颗粒物料的离散元模拟提供了重要参考。 

 

INTRODUCTION 

  In Northwest China, much of the agricultural land in arid irrigated regions is used to cultivate grapes 

as a specialty crop. In 2021, Xinjiang alone accounted for 1.85 million acres of grape cultivation, producing 3.5 

million tons, ranking first in both production and planting area nationwide (Wang et al., 2024). Grapevine 

burying is a key winter protection technique for grapes in northern China, with its production costs comprising 

nearly 50% of the annual expenses. Turpan, as the largest grape-growing base in Xinjiang, has seen a rapid 

increase in mechanized vine-burying, and while the current mechanization level is relatively high, there remain 

significant shortcomings in terms of efficiency, cost, and adaptability. A major challenge lies in the lack of 

advanced machinery to further improve productivity (Shen et al., 2024). Therefore, the design of suitable 

agricultural machinery is crucial. In this context, soil modeling plays a vital role in the development and 

optimization of such equipment, as it contributes to increased production efficiency and reduced operational 

costs. However, no discrete element simulation models currently exist for soil prior to grapevine mulching and 

burial. Thus, it is essential to construct a discrete element parameter model of the soil.  

 To analyse the interaction between soil-engaging components and soil, numerical simulation is 

commonly used to establish an accurate soil model (Smith et al., 2014). 
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 Xinjiang region is an irrigated area with high evaporation in the surface layer, and there is a large 

difference in water content between the surface soil and the subsoil, which has a large impact on the contact 

parameters of the discrete element model (Li et al., 2019).  

 Some scholars have conducted layered sampling of cold-proof soil during grapevine clearing to 

determine the moisture content of different soil layers. Based on this data, they combined it with simulation 

tests of the soil's angle of repose to complete discrete element parameter calibration, achieving results with 

minimal error (Yang et al., 2023). Some scholars have constructed a particle model of mulberry soil under 

specific moisture conditions based on the soil particle size distribution. Using this model, the discrete element 

parameters of the soil were calibrated, and the results were found to be reliable (Song et al., 2022). The 

combination of static and dynamic angles of repose for calibrating discrete element particles has been widely 

applied in fields such as food, pharmaceuticals, industrial materials, and agricultural soils, yielding promising 

results. The calibrated soil simulation results closely match experimental measurements and meet the intended 

testing objectives (Zhang et al., 2024; Luana et al., 2017; Li S. et al., 2024). In addition, some researchers 

have applied scaling theory to calibrate the contact parameters in discrete element simulations of wheat flour, 

using the Plackett-Burman test, steepest ascent test, and Box-Behnken design, with the static angle of repose 

as the response variable (Li et al., 2019). 

 Most existing soil discrete element simulation parameter calibrations rely on a single static angle of 

repose as the response variable, without incorporating a combination of static and dynamic angles of repose 

to evaluate soils with varying moisture content. However, in real-world operations, soil exhibits both static and 

dynamic behaviours, and using both angles of repose as response variables offers a more accurate 

representation of the soil's actual mechanical state during field operations (Zeng et al., 2019). In Xinjiang, field 

soil conditions are typically assessed prior to grapevine burying, and in some areas, pre-irrigation is performed 

to ensure sufficient soil moisture. This results in more cohesive soil, which helps improve the performance and 

effectiveness of the grapevine burying operation (Maitadudulili.et al., 2016). 

  In this study, the Hertz-Mindlin with Johnson-Kendall-Roberts (JKR) contact model was selected to 

calibrate the contact parameters of the soil DEM model for different soil layers. The Plackett-Burman (PB) 

experimental design was first used to screen for significant factors and to analyse their effects on the static 

and dynamic angles of repose. Subsequently, a Box-Behnken experimental design with multi-objective 

optimization was applied to determine the candidate discrete element parameter sets for each soil layer. Finally, 

the calibrated discrete element simulation parameters were experimentally validated. The resulting optimal 

DEM parameters provide accurate input data for the simulation of grapevine burying operations, and also serve 

as a reference for discrete element modeling of other cohesive particulate materials. 

 

MATERIALS AND METHODS 

Materials and Instruments 

 The samples of vineyard soil were taken from the planting base of Thompson Seedless in Lianmuqin 

Township, Shanshan County, Turpan City, Xinjiang Uygur Autonomous Region (42.87°N,89.98°E). Based on 

the depth of soil disturbance during vineyard operation, the 60 cm soil profile affected by machinery was divided 

into three layers: the upper layer (0-20 cm), the middle layer (20-40 cm), and the lower layer (40-60 cm). Tests 

on the soil characterization parameters were conducted in accordance with the Chinese standard GB/T 50123–

1999, Standard for Geotechnical Test Methods. 

  Test apparatus included the following equipment: an FCE-3000 electric constant temperature blast 

drying oven; a standard ring knife (specifications: diameter 50.46 mm, height 50 mm); a JJ623BF electronic 

balance (range: 620 g, precision: 1 mg); a standard test sieve set conforming to GB/T 6003–1997, with mesh 

sizes from top to bottom of 2.0 mm, 1.0 mm, 0.5 mm, 0.25 mm, and 0.075 mm; customized cylinder 1 (inner 

diameter 40 mm, height 100 mm); customized cylinder 2 (inner diameter 100 mm, height 100 mm); 65Mn iron 

sheet; 42 stepper motor; flange coupling; metal support; aluminium alloy profiles; a 200-type standard 

inspection sieve machine; aluminium box; camera; and food preservation bags, among other auxiliary tools. 

 

Intrinsic parameter measurements 

 The ring knife method was used to measure soil density. In the field, the soil surface was paved and 

compacted, and the soil was taken with a ring knife, which was placed in an aluminium box and a food 

preservation bag to preserve the soil sample. After picking out the plant stalks and other impurities in the soil, 

the total mass of the ring cutter and soil was determined using an electronic balance and recorded as m1, and 

the mass of the empty ring cutter was determined as m0. Five-point sampling method was used to sample the 
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soil in three layers, and the average density of soil in the three layers from the top to the bottom was 172.23 

kg/m3, 177.35 kg/m3, and 177.69 kg/m3, and the average density of the soil was taken to be 175.76 kg/m3. 

𝜌 =
𝑚1−𝑚0

𝑣
                                                          （1） 

where: ρ is the soil density (g·cm-3); v is the volume of the ring knife (cm3); m1 is the mass of the ring knife and 

soil (g); and m0 is the mass of the ring knife (g). 

 The drying method was used to determine soil moisture content. First, the mass m’ of the empty 

aluminium box was measured using an electronic balance. Then, soil was added, and the total mass m’ of the 

box and moist soil was recorded. The box was placed in a preheated oven at (107±2)℃ for 8 hours, cooled to 

room temperature, and weighed again to obtain the mass after drying. 

𝜔 =
𝑚1 −𝑚2

𝑚1 −𝑚
                                                            (2) 

where: 

  ω is the moisture content of the soil (%);  

 m1 is the mass of the aluminium box and the soil (g);  

 m2 is the mass of the aluminium box and the dry soil (g);  

 m is the mass of the aluminium box (g). 

 

 Sieving method was used to measure the particle size distribution of the soil. Soil collected from the 

field was first dried in a drying oven to remove impurities and pulverized, and then sieved using standard test 

sieves and oscillating sieves to measure the mass of the soil at different particle sizes and calculate the 

percentages as shown in Table 1. 

Table 1 

Soil particle size distribution 

Particle radius/mm Mass/g Percent/% 

≥2 17.48 8.74 

2-1 8.34 4.17 

1-0.5 11.68 5.84 

0.5-0.25 41.50 20.75 

0.25-0.075 111.60 55.80 

0.075-0 9.40 4.70 

 

  According to the soil texture classification standard GB/T 17296, soil with a sand content greater than 

50% is classified as clayey soil. Based on this standard, the soil in the study area was identified as clayey 

sandy loam (Chen et al., 2017). 

 Using the drying method and the addition of pure water, three soil moisture content gradients - 8.39%, 

10.74%, and 12.40% - were prepared for the angle of repose tests. A dried soil sample with mass m3 was 

measured, and pure water with mass m1 was added. The mixture was stirred thoroughly and allowed to stand 

for 24 hours. The actual moisture content ωx was then determined using the drying method and calculated as 

follows:  

ω𝑥 =
𝑚𝑠

𝑚𝑠+𝑚3
       (3) 

where:    

ωx is the water content of the soil (%);  

 ms is the mass of water required to configure the sample (g);  

 m3 is the sample mass (g). 

 

Static angle of repose measurement 

  Common methods for measuring the static angle of repose include the cylinder lifting method and the 

funnel method (Han et al., 2020; Zhen et al., 2020). Given that the soil in this study contains some moisture 

and exhibits relatively cohesive texture, the hollow cylinder method was considered more suitable for 

accurately determining the static angle of repose. The test was conducted by placing a 65Mn steel plate 

horizontally on the test machine platform. The cylinder test apparatus was then connected, and the cylinder 

was positioned vertically on the steel plate and filled with the test soil.  
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 The test machine was activated to lift the cylinder at a uniform speed of 25 mm/s (Thomas et al., 2018). 

A camera was used to record the formation of the soil pile for each moisture content condition. The test was 

repeated four times for each condition to ensure repeatability. The actual test setup for measuring the static 

angle of repose is shown in Fig. 1. 

 
Fig. 1 - Static angle of repose measurement 

1. Slipway; 2. Cylinder; 3. Cushion; 4. Background Board; 5. Driver; 6. Controller. 

 

 Image processing was used to determine the soil accumulation angle values (Luo et al., 2018). First, 

the original image was cropped to an appropriate size, and then processed through grayscale conversion and 

binarization. The boundary coordinates of the soil pile were extracted using the image digitizing function in 

Origin software (Fig. 2d). For each set of coordinates, linear fitting was performed, and the corresponding 

scatter plots and fitted lines were generated to obtain the fitting equations. The slope of each fitted line was 

then used to calculate the accumulation (stacking) angle. The arctangent (inverse tangent) of the slope was 

converted into an angle value (Fig. 2e). The final stacking angle was obtained by averaging the angles from 

both sides of each image. The image processing procedure and results are illustrated in Fig. 2. 

 

 
(a) Original image   (b) Gray-scale image   (c) Binarized image 

 

 
   (d) Contour Extraction Line Image   (e) Fitted line 

Fig. 2 - Calculation process of static angle of repose of soil 

 

Dynamic angle of repose measurement 

  The dynamic angle of repose is defined as the maximum angle between the slope of the soil mass 

and the horizontal plane before collapse occurs, i.e., when the internal forces between soil particles can no 

longer counteract gravity as the soil ascends with the rotation of the drum. It serves as a key parameter for 

characterizing the dynamic flow behaviour of soil. A custom-built device was used to measure the dynamic 

angle of repose, as illustrated in Figure 3.  

 The apparatus consists of a rotating drum (100 mm in diameter and 100 mm in length, with a steel 

sheet affixed to the inner wall), a motor, controller, and coupling. The measurement procedure was as follows: 

a specified amount of soil was loaded into the drum until the fill level reached 25% of the drum volume.  
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 The motor was then activated to rotate the drum at a constant speed of 7 r/min, as recommended in 

relevant literature (Zhou et al., 2023). A video camera positioned directly in front of the drum recorded the 

rotation process in real time to capture the dynamic angle of repose. After repeating the experiment for five 

times, the average values of the dynamic angle of repose α of the three layers of soil were obtained as 42.7°, 

43.91° and 45.7°, respectively. 

 

 
Fig. 3 - Dynamic angle of repose measurement 

1. Roller; 2. Driver; 3. Controller; 4. Electric Machine; 5. Power Supply. 

 

Contact model 

 The water content of the soil before burying the vine is not low, and the soil particles will have a certain 

degree of adhesion between them. The Hertz-Mindlin with JKR model is used as a particle contact model, 

which is suitable for simulating the particulate materials that are prone to adhesion and agglomeration effects. 

Therefore, discrete element simulation was carried out using the Hertz-Mindlin contact model with JKR 

cohesion model, which assumes that the adhesion force acts within the contact area of the particles and 

contributes to the contact surface manifolds, thus obtaining a larger contact area than predicted by the Hertz-

Mindlin theory. In the JKR model, the normal elastic contact force FJKR of the particles is expressed as： 

𝐹𝐽𝐾𝑅 =
4𝐸∗

3𝑅∗ 𝛼3 − 4√𝜋𝛾𝐸∗𝛼3     (3) 

𝛿 =
𝛼2

𝑅∗ [1 − √
4𝜋𝛾𝑅3

𝐸∗𝛼3 ]     (4) 

where: E* is the equivalent elastic modulus; R* is the equivalent particle radius; α is the normal overlap; γ is 

the particle surface energy; δ is the tangential overlap. 
The first term in Eq. (3) is the normal contact force based on the Hertz-Mindlin theory, and the 

second term is the particle adhesion force based on the JKR theory; when the particle surface energy γ = 0, 

the JKR model will degenerate into the Hertz-Mindlin model. 

 
Principle of particle stiffness reduction 
 The Rayleigh time step refers to the length of time for 2 collision operations between particles, which 

is an important factor affecting the computational efficiency of DEM simulation. The formula for the Rayleigh 

time step is: 

𝑡𝑅 =
𝜋𝑟

(0.163𝜐+0.877)
√

𝜌

𝐺
      (5) 

where:   tR is the Rayleigh time step; r is the particle radius; ν is the particle Poisson's ratio; ρ is the particle 

density; G is the particle shear modulus. 

 To ensure the efficiency and accuracy of the simulation, 10% to 30% of the Rayleigh time step is 

usually chosen as the computational time step. From Eq. (5), it can be seen that the shear modulus of the 

particles is the main factor affecting the time step, and the reduction of particle stiffness allows the use of a 

larger time step in the simulation, which reduces the number of computational iterations and thus improves the 

computational speed. With the introduction of reduced stiffness particles in the JKR model, more overlap of 

particles occurs during kinematic collisions. If the surface energy of the particles remains constant, the kinetic 

energy lost in the collision will increase. In order to ensure that the result of the motion of the particles after the 

collision remains unchanged, so that the separation energy required by the 2 particles in contact remains 

constant, the reduction of particle stiffness must be balanced by the reduction of the surface energy of the 

particles, and the conditions to be satisfied are: 
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𝛾𝑚𝑜𝑑 = 𝛾 (
𝐺𝑚𝑜𝑑

𝐺
)

2/5

     (6) 

where: γmod and Gmod are the surface energy and shear modulus of the modified particles respectively. 

 With the reduction of particle stiffness and the increase of time step, the calculation speed is improved, 

but the range of particle stiffness reduction should be limited. In order to prevent the particle stiffness from 

decreasing too much and causing too much overlap, the particle shear modulus after decreasing the stiffness 

should be kept above 107 Pa (Lommen et al., 2023). 
 

Discrete element simulation parameter calibration 
 According to the theory of particle scaling, the related literature proposes that if the density of the 

particles corresponding to the scaled model is kept constant, the intrinsic parameters of the particles 

corresponding to the scaled model are the same as those of the original model, but the contact parameters of 

the particles with the particles and the particles with the touching soil parts corresponding to the scaled model 

can't be obtained directly according to the equations, and the related parameters need to be calibrated by 

simulation tests (Feng et al., 2009). 

 In order to reduce the amount of simulation data and improve the simulation efficiency, the soil particles 

are simplified into a single sphere model, and then the scaling theory is used to scale the particles of different 

particle size ranges into appropriate sizes, referring to the relevant literature (Zhen et al., 2024; Yang et al., 

2023; Li et al., 2024) and the GEMM database, to determine the range of values of intrinsic parameters of the 

soil and the relevant contact parameters are shown in the following table. 

Table 2 
Scaling model parameter value range 

Parameters Value Unit 

Soil density 175.7567 kg·m-3 

Poisson's ratio for soil 0.33  

Soil shear modulus A 10-10 0 MPa 

Coefficient of restitution between soil particles B 0.15-0.75  

Coefficient of static friction between soil particles C 0.2-1.16  

Coefficient of rolling friction between soil particles D 0.05-0.15  

Steel density 7850 kg·m-3 

Steel Poisson's ratio 0.3  

Steel shear modulus 7.9×104 MPa 

Coefficient of restitution between soil-steel E 0.25-0.65  

Coefficient of static friction between soil-steel F 0.30-0.80  

Coefficient of rolling friction between soil and steel G 0.20-0.40  

Surface energy (JKR) H 0.1-0.3 J·m-2 

 

Discrete element simulation modeling 

 In SOLIDWORKS software, the 3D geometric model of the static and dynamic angle of repose 

measurement device was built according to the scale of 1:1 with reference to the dimensions of the 

measurement device, saved in STL format and imported into EDEM software. The 3D geometric model of the 

measurement device is shown in Fig. 4. 

 
(a) Static angle of repose model  (b) Dynamic angle of repose model 

Fig. 4 - Geometric model of the static and dynamic angle of repose determination device 
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 The initial conditions of the simulation were set as follows: the particle sizes of the enlarged spherical 

particles were set to 2.5 mm, 5 mm and 10 mm, and the generation mode was dynamic. The static angle of 

repose model establishes a particle factory at the top of the funnel, with a total particle mass of 0.167 kg, and 

the generation rate is set to 0.5 kg of particles per second. In the dynamic angle of repose simulation model, 

a particle factory was established inside the cylinder to simulate the soil particles. A total particle mass of 

0.209 kg was used, corresponding to a 25% fill rate of the drum volume, consistent with the experimental setup. 

After the particles settled into a stationary state, a rotational axis was introduced at the centre of the model, 

and the rotational speed was set to 7 r/min. The computational time step for both the dynamic and static repose 

angle models was set to 2.5 ms. After the particles stabilized, a rotational axis was added to the centre of the 

model, and the rotational speed was set to 7 r/min. The computational time step for both models was defined 

as 20% of the Rayleigh time step, and the mesh size was set to three times the diameter of the smallest 

spherical particle. Once the simulation reached a stable state, the angle of repose was measured using the 

EDEMPY measurement tool. The discrete element simulation parameters included the intrinsic properties of 

the particles, the 3D geometric model, the contact parameters between particles, and the contact parameters 

between particles and the geometry. The 3D geometry was modeled using 65Mn material, and the range of 

contact parameter variation was determined through preliminary experiments. 

 

Simulated static/dynamic angle of repose determination 

  To accurately determine the angle of repose of the simulated particle pile, the simulation result files 

were analysed using the EDEMPY library, a Python-based post-processing tool for discrete element 

simulations. Measurement principle: First, a radial array of cylindrical containers is defined. The highest particle 

in each container is then identified. The centre-of-mass coordinates of these particles are extracted and 

subjected to least-squares linear fitting. The angle between the resulting fitted line and the horizontal plane is 

calculated, representing the angle of repose. This measurement principle is illustrated in Fig. 5 and Fig. 6. To 

improve measurement accuracy, only the stable region of the pile was selected for analysis. In addition, 

measurements were performed along multiple radial directions (eight directions in this study), and the average 

angle of repose was calculated. A schematic of the multi-directional measurement method is shown in Fig. 7. 

 
Fig. 5 - Schematic diagram of static angle of repose measurement 

 
Fig. 6 - Schematic diagram of dynamic angle of repose measurement 
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Fig. 7 - Schematic diagram of multiple measurements of angle of repose 

 

RESULTS 

Plackett-Burman test for discrete element simulation parameters 

  Not all parameters set for the discrete element simulation have a significant effect on the angle of 

repose. To identify the key influencing factors, a parameter screening test was conducted using the Plackett-

Burman design in Design-Expert software. The static and dynamic angles of repose were used as response 

variables, while the eight parameters to be calibrated, along with two dummy variables (as shown in Table 3), 

were selected as the test factors. This design allowed for the evaluation of each factor’s significance on the 

angle of repose and facilitated the identification of the most impactful parameters for further optimization. 

 

Table 3 

Plackett-Burman test scheme and results 

Serial 
number 

Experimental factors 

Static angle 
of repose /

（°） 

Dynamic 
angle of 

repose /（°） 

A B C D E F G H   
1 -1 -1 1 -1 1 1 -1 1 33.33 55.35 

2 1 -1 1 1 1 -1 -1 -1 39.44 47.88 

3 1 1 1 -1 -1 -1 1 -1 23.57 40.61 

4 1 -1 1 1 -1 1 1 1 45.01 61.13 

5 1 -1 -1 -1 1 -1 1 1 31.38 51.45 

6 1 1 -1 -1 -1 1 -1 1 27.82 63.35 

7 -1 -1 -1 -1 -1 -1 -1 -1 26.82 46.56 

8 -1 -1 -1 1 -1 1 1 -1 46.79 50.82 

9 -1 1 -1 1 1 -1 1 1 39.27 51.39 

10 -1 1 1 1 1 -1 -1 1 32.28 51.25 

11 -1 1 1 -1 -1 1 1 -1 27 47.04 

12 1 1 -1 1 1 1 -1 -1 36.35 57.19 

 

 The test results in Table 3 were analysed by ANOVA, and the significance of each test parameter on 

the static angle of repose and dynamic angle of repose was obtained as shown in Tables 4 and 5. From Table 

4, it can be seen that the rolling friction coefficient of soil-soil D has a p < 0.01, which is very significant on the 

simulation results; soil-soil coefficient of restitution B, soil-steel static friction coefficient F, are significant on 

the simulation results. The smaller the soil-soil coefficient of restitution, the greater the energy loss during 

collision of soil particles, which will limit the movement between soil particles and make the static accumulation 

angle increase. The remaining parameters have p-values greater than 0.05, the effect on the simulation results 

is extremely small. From Table 5, it can be seen that the soil-steel static friction coefficient F, JKR surface 

energy H is extremely significant on the dynamic angle of repose with p-value less than 0.01, and p-value of 

the rest of the parameters is greater than 0.05, the effect on the dynamic angle of repose being extremely 

small. 
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Table 4 

ANOVA results of the Plackett-Burman test for the static angle of repose 

Source Sum of squares DF Mean Square F-value P-value Significance 

Model 594.37 8 74.30 20.20 0.0156 * 

A 0.3072 1 0.3072 0.0835 0.7914  

B 110.90 1 110.90 30.16 0.0119 * 

C 5.07 1 5.07 1.38 0.3251  

D 399.28 1 399.28 108.58 0.0019 ** 

E 1.67 1 1.67 0.4548 0.5484  

F 46.18 1 46.18 12.56 0.0383 * 

G 24.03 1 24.03 6.53 0.0835  

H 6.93 1 6.93 1.88 0.2634  

 

 

Table 5 

ANOVA results of the Plackett-Burman test for the dynamic angle of repose 

Source Sum of squares DF Mean Square F-value P-value Significance 

Model 442.08 8 55.26 14.06 0.0262 * 

A 30.72 1 30.72 7.82 0.0681  

B 0.4641 1 0.4641 0.1181 0.7538  

C 25.52 1 25.52 6.49 0.0841  

D 19.51 1 19.51 4.96 0.1122  

E 0.9747 1 0.9747 0.2480 0.6527  

F 174.35 1 174.35 44.36 0.0069 ** 

G 30.53 1 30.53 7.77 0.0686  

H 160.02 1 160.02 40.71 0.0078 ** 

 Note: * indicates a significant difference (p<0.05); ** indicates a highly significant difference (p<0.01). 

 

Steepest Ascent Test 

  The steepest ascent test is used to accurately determine the centre point of the test factor levels, 

enabling the initial response region to quickly approach the optimal response region. Based on the results of 

the parameter screening tests, the factors with P-values less than 0.05 in Tables 4 and 5 were selected for the 

steepest ascent test. The selected parameters were gradually increased according to the chosen ascent step 

size, while the remaining parameters were held constant at intermediate levels: soil shear modulus (1×10⁷ Pa), 

soil-soil static friction coefficient (0.68), soil-steel restitution coefficient (0.45), and soil-steel rolling friction 

coefficient (0.30). The test results are presented in Table 6. As shown in the table, both the static and dynamic 

angles of repose increased progressively with higher values of the selected test factors. 

 

Table 6 

Steepest Ascent Test Scheme and Results 

Serial 
number 

Experimental factors Static angle of 

repose /（°） 

Dynamic angle 

of repose /（°） B D F H 

1 0.75 0.05 0.5 0.1 25.62 35.61 

2 0.63 0.08 0.56 0.14 31.49 47.57 

3 0.51 0.11 0.62 0.18 35.6 56.34 

4 0.39 0.14 0.68 0.22 38.35 59.95 

5 0.27 0.17 0.74 0.26 41.73 62.1 

6 0.15 0.2 0.8 0.3 42.05 67.49 

 

 

Box-Behnken test and regression analysis 

 In order to obtain the mathematical regression model of the angle of repose with the significant 

influencing factors (soil-soil restitution coefficient, soil-soil rolling friction coefficient, soil-steel static friction 

coefficient, and JKR surface energy), a response surface test was conducted using the Box-Behnken method. 

According to the results of the steepest ascent test, the parameter values of test No. 2 in Table 7 were selected 

as the intermediate level, and the parameter values of No. 1 and No. 3 were selected as the low level and high 

level, respectively, for the experimental design. The test scheme and results are shown in Table 7. 
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Table 7 

Box-Behnken test scheme and results 

Serial 
number 

Experimental factors Static angle of 

repose /（°） 
Dynamic angle of 

repose /（°） B D F H 

1 0.51 0.05 0.56 0.14 29.89 48.74 

2 0.63 0.05 0.5 0.14 28.94 45.06 

3 0.75 0.08 0.56 0.18 30.54 54.77 

4 0.63 0.05 0.56 0.18 31.24 53.88 

5 0.63 0.08 0.56 0.14 32.92 51.39 

6 0.63 0.11 0.5 0.14 34.34 47.28 

7 0.75 0.08 0.62 0.14 27.61 53.83 

8 0.63 0.11 0.56 0.1 34.93 43.28 

9 0.51 0.11 0.56 0.14 35.12 49.71 

10 0.75 0.08 0.5 0.14 29.96 44.09 

11 0.63 0.05 0.56 0.1 28.52 40.94 

12 0.63 0.08 0.56 0.14 32.74 51.94 

13 0.63 0.08 0.56 0.14 32.41 51.53 

14 0.75 0.08 0.56 0.1 30.51 41.59 

15 0.51 0.08 0.56 0.18 33.72 54.53 

16 0.63 0.08 0.62 0.1 28.97 46.72 

17 0.51 0.08 0.5 0.14 31.43 47.71 

18 0.75 0.05 0.56 0.14 27.8 48.9 

19 0.63 0.08 0.56 0.14 32.74 51.8 

20 0.51 0.08 0.56 0.1 30.79 44.45 

21 0.63 0.11 0.62 0.14 31.57 53.67 

22 0.63 0.08 0.5 0.1 31.48 36.8 

23 0.63 0.08 0.56 0.14 32.66 51.3 

24 0.63 0.11 0.56 0.18 34.8 54 

25 0.63 0.05 0.62 0.14 28.14 52.58 

26 0.63 0.08 0.62 0.18 30.7 55.08 

27 0.63 0.08 0.5 0.18 32.23 52.08 

28 0.75 0.11 0.56 0.14 32.72 49.83 

29 0.51 0.08 0.62 0.14 30.58 52.74 

 

 Tables 8 and 9 show the analysis of variance (ANOVA) for the static and dynamic angle of repose in 

the test, respectively. As can be seen from Tables 8 and 9, the p-values (p-value is the probability of obtaining 

the observed value of the test statistic and other values that are more unsupportive of the original hypothesis 

when the original hypothesis is true) of the two fitted models are less than 0.01, indicating that the relationship 

between the angle of repose and the resulting regression equations is highly significant; the p-values of the 

out-of-fit terms are all greater than 0.05, indicating that the regression equations are not out-of-fit, and they 

have a predictive significance; the coefficients of determination for the static angle of repose are 0.9946 for 

static angle of repose and 0.9926 for dynamic angle of repose, indicating a good fit. For the static angle of 

repose, the p-values of the soil-soil restitution coefficient B, the soil-soil dynamic friction coefficient D, the soil-

steel static friction coefficient F, the JKR surface energy H, and the interaction terms BF, BH, DF, and DH are 

less than 0.01, which are extremely significant on the static angle of repose; the p-values of each of the 

quadratic terms, except for H2 and the quadratic term BD are all greater than 0.05, which indicates that these 

two factors were not significant on the static angle of repose, and all other factors had significant effects on 

the static angle of repose. For the dynamic angle of repose, the p-values of soil-soil rolling friction factor D, 

soil-steel rolling friction coefficient F, JKR surface energy, interaction term BF, and secondary terms B2, D2, 

F2, and H2 are less than 0.01, which are extremely significant on the dynamic angle of repose, and the p-

values of soil-soil restitution coefficient B and interaction term BH are less than 0.05, which have a significant 

effect on the dynamic angle of repose. and the other factors were not significant on the dynamic angle of 

repose. 

Table 8 

Analysis of variance of a quadratic regression model for static angle of repose 

Source Sum of 
squares 

DF Mean 
Square 

F-value P-value Significance 

Model 127.80 14 9.13 182.58 < 0.0001 ** 

B- Soil-Soil restitution 
coefficient 

12.79 1 12.79 255.88 0.0290 
* 

D- Soil-soil rolling 
friction factor 

69.84 1 69.84 1396.96 0.0018 
** 

F- Soil-steel static 
friction factor 

9.74 1 9.74 194.78 < 0.0001 
** 

H- JKR surface energy 5.37 1 5.37 107.48 < 0.0001 ** 
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Source Sum of 
squares 

DF Mean 
Square 

F-value P-value Significance 

BD 0.0240 1 0.0240 0.4805 0.9729  

BF 0.5625 1 0.5625 11.25 0.0011 ** 

BH 2.10 1 2.10 42.05 0.0179 * 

DF 0.9702 1 0.9702 19.41 0.3449  

DH 2.03 1 2.03 40.62 0.0754  

FH 0.2401 1 0.2401 4.80 < 0.0001 ** 

B² 8.12 1 8.12 162.36 0.0040 ** 

D² 0.2625 1 0.2625 5.25 0.0002 ** 

F² 18.94 1 18.94 378.79 0.0001 ** 

H² 0.1434 1 0.1434 2.87 < 0.0001 ** 

Residual 0.6999 14 0.0500    

Lack of Fit 0.5628 10 0.0563 1.64 0.0501  

Pure Error 0.1371 4 0.0343    

Cor Total 128.50 28     

 

 The quadratic regression equation for the static angle of repose (SAoR) was derived by eliminating 

the insignificant terms from the model, while ensuring that the remaining terms retained overall model 

significance and goodness of fit. 

𝑆𝑅𝐴 = 32.69 − 1.03𝐵 + 2.41𝐷 − 0.9008𝐹 + 0.6692𝐻 − 0.375𝐵𝐹 − 0.725𝐵𝐻 + 0.245𝐹𝐻 − 1.12𝐵2 − 0.2012𝐷2 − 1.71𝐹2 −

0.1487𝐻2            (7) 
 

Table 9 

Analysis of variance for quadratic regression modeling of dynamic angle of repose 

Source Sum of 
squares 

DF Mean 
Square 

F-value P-value significance 

Model 630.22 14 45.02 134.73 < 0.0001 ** 

B- Soil-Soil restitution coefficient 1.98 1 1.98 5.92 0.0290 * 

D- Soil-soil rolling friction factor 4.90 1 4.90 14.67 0.0018 ** 

F- Soil-steel static friction factor 144.21 1 144.21 431.63 < 0.0001 ** 

H- JKR surface energy 414.89 1 414.89 1241.77 < 0.0001 ** 

BD 0.0004 1 0.0004 0.0012 0.9729  

BF 5.55 1 5.55 16.60 0.0011 ** 

BH 2.40 1 2.40 7.19 0.0179 * 

DF 0.3192 1 0.3192 0.9554 0.3449  

DH 1.23 1 1.23 3.69 0.0754  

FH 11.97 1 11.97 35.83 < 0.0001 ** 

B² 3.94 1 3.94 11.78 0.0040 ** 

D² 8.67 1 8.67 25.96 0.0002 ** 

F² 9.11 1 9.11 27.27 0.0001 ** 

H² 36.59 1 36.59 109.52 < 0.0001 ** 

Residual 4.68 14 0.3341    

Lack of Fit 4.38 10 0.4383 5.96 0.0501  

Pure Error 0.2943 4 0.0736    

Cor Total 634.89 28     

 

 The quadratic regression equation for the dynamic angle of repose (DAoR) was developed by 

removing the statistically insignificant terms, while ensuring that the model remained significant and exhibited 

a good fit to the experimental data: 

𝐷𝑅𝐴 = 51.59 − 0.4058𝐵 + 0.6392𝐷 + 3.47𝐹 + 5.88𝐻 + 1.18𝐵𝐹 + 0.775𝐵𝐻 − 0.7789𝐵2 − 1.16𝐷2 − 1.19𝐹2 − 2.38𝐻2      (8) 
 

Determination and validation of discrete element simulation parameters 

 The experimentally measured soil angles of repose were used as response targets to optimize the 

regression equations, and the resulting combinations of discrete element simulation parameters were input 

into EDEM software for validation. Figure 8 presents a comparison between the simulated and experimental 

values of the optimized parameter sets for each soil layer. The average relative errors for the static angle of 

repose and dynamic angle of repose were calculated as 1.56% and 0.984%, respectively. These results 

indicate that the simulated values closely matched the experimental measurements, with no significant 

differences, thus confirming the accuracy and reliability of the calibrated parameter combinations. Although 

the angles of repose for each group were relatively similar, different combinations of discrete element 

simulation parameter values resulted in variations in particle contact interactions and force chain distributions. 
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These differences led to distinct stacking morphologies in the simulated particle assemblies. Therefore, among 

the five DEM parameter combinations tested for each soil layer, the one that produced a stacking morphology 

most closely resembling the actual experimental observation was selected as the preferred combination. The 

selected optimal DEM parameter values for each soil layer are as follows: soil-soil restitution coefficient (B) is 

0.734, 0.556, 0.643, soil-soil rolling friction coefficient (D) is 0.082, 0.086, 0.095, soil-steel static friction 

coefficient (F) is 0.564, 0.511, 0.525 and the JKR surface energy (H) is 0.102, 0.117, 0.122. 

 

 
(a)                                             (b)                                                  (c) 

Fig. 8 - Comparison between simulated and experimental values using the optimized discrete element 

simulation parameter combinations 

 

 The static and dynamic angles of repose for the upper soil layer are shown in Figures 9 and 10. As 

illustrated, there is no significant difference between the simulation results and the actual experimental 

observation. The measured static angle of repose was 30.82°, and the dynamic angle of repose was 42.70°, 

while the simulated values were 30.62° and 42.75°, respectively. The relative errors for the static and dynamic 

angles of repose were 0.65% and 0.12%, which are both very low. These results confirm that the optimized 

discrete element simulation parameter combination is accurate and reliable, and thus suitable for use in 

subsequent simulation studies. 

 

 
(a) simulated image     (b) actual image 

Fig. 9 - Static angle of repose of the soil 

 

 

 
(a) simulated image     (b) actual image 

Fig. 10 - Dynamic angle of repose of the soil 
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CONCLUSIONS 

  The computational efficiency of discrete element simulations was significantly improved by scaling 

particle size and reducing particle stiffness. The results of the Plackett-Burman test indicated that, within a 

certain value range, factors such as particle shear modulus, particle-steel restitution coefficient, particle-steel 

kinetic friction coefficient, and particle-particle static friction coefficient did not significantly affect the angle of 

repose. In the Box-Behnken response surface test, the static and dynamic angles of repose were used as dual 

response indices to optimize the discrete element simulation parameters. This approach led to more accurate 

simulation results, with particle behaviour more closely resembling actual soil conditions. In this study, the 

static and dynamic angles of repose were adopted as macroscopic response indicators for calibrating the 

discrete element simulation parameters of simplified soil particles. Optimal parameter combinations were 

determined through the Plackett-Burman and Box-Behnken tests, and subsequently validated through 

experimental comparison. The main conclusions are as follows: 

(1) The average static and dynamic angles of repose of the soil were measured using a custom-built 

device, yielding values of 30.82°, 32.35°, and 33.77° for the static angle, and 42.7°, 43.91°, and 

45.7° for the dynamic angle, corresponding to the upper, middle, and lower soil layers, respectively. 

(2) The Plackett-Burman test identified that the soil-soil restitution coefficient, soil-soil rolling friction 

coefficient, and soil-steel static friction coefficient significantly influenced the static angle of repose, 

while the soil-steel static friction coefficient and JKR surface energy were significant factors for the 

dynamic angle of repose. 

(3) The Box-Behnken test was employed to establish second-order regression models for both static 

and dynamic angles of repose. These models were optimized using the experimentally measured 

angle values as targets. The resulting optimal parameter combinations, validated through 

experiment, were as follows: soil-soil restitution coefficients were 0.734, 0.556, 0.643, soil-soil 

rolling friction coefficients were 0.082, 0.086, 0.096, soil-steel static friction coefficients were 0.564, 

0.511, 0.525, JKR surface energies were 0.102, 0.117, 0.122. 

(4) The simulated static angles of repose for the three soil layers were 30.62°, 32.51°, and 33.2°, and 

the simulated dynamic angles were 42.75°, 43.95°, and 45.96°, respectively. The corresponding 

relative errors for the static angle were 0.65%, 0.09%, and 2.03%, and for the dynamic angle were 

0.28%, 0.12%, and 0.56%. These small errors confirm that the calibrated discrete element 

simulation parameters are accurate and reliable, and can be confidently used in subsequent DEM 

simulations. 
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