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Abstract: Soil-cutting forces are key indicators of root-tuber harvesters and other soil-engaging
tools’ performance. To improve operational efficiency, minimise soil disturbance, and reduce fuel
consumption, the draught and vertical forces involved in root and tuber crop harvesting must be
minimised. Two field experiments assessed the harvester’s performance at a depth of 200 mm,
varying frequencies, and travel speeds on clay and sandy loam soils. Discrete element models (DEM)
were developed and subsequently used to replicate the field experiments and evaluate S-shaped
and fork-shaped shovels. Linear regression and ANOVA (p < 0.05) were used to analyse the data.
Draught force concurrently increased with speed in both soil textures but decreased with vibration
frequency. The draught force decreased by approximately 41% in clay soil and 21% in sandy loam
soil when the harvester was operated between 5 Hz and 14.5 Hz and between 10 Hz and 12.5 Hz,
respectively. DEM simulations had relative errors of 4% (clay) and 4.7% (sandy loam) for draught
force and drawbar power compared to experimental data. The S-shaped shovel was more efficient at
crushing and translocating soil–crop mass to the rear of the harvester than the fork-shaped shovel.
These DEM soil–crop models are reliable for evaluating other root-tuber harvesting tools.

Keywords: clay; frequency; sandy loam; soil reaction forces; soil–crop model; Jerusalem artichoke

1. Introduction

Harvesting Jerusalem artichokes (Helianthus tuberosus L.) is an integral part of the
production and marketing. This step influences the cost-effectiveness of the crop and can
result in considerable economic losses if not performed accurately [1]. The harvesting
operation generally consists of digging up the crop, separating the tubers from the soil, and
picking, and is performed either manually or with mechanical harvesters. Unlike potato
harvesting, the mechanical harvesting of Jerusalem artichokes is not advanced. Therefore,
the development, performance evaluation, and optimisation of a specialised Jerusalem
artichoke mechanical harvester are crucial.

The energy requirements or soil-cutting forces (draught, vertical and lateral forces) for
digging tubers are directly linked to the soil-cutting tool (shovel) design and are essential
performance indicators [2,3]. Due to the increasing size of harvesters, it has become
even more crucial to keep the draught and vertical forces required to dig root and tuber
crops minimal. This enables the use of smaller tractors with low overall drawbar power
requirements to pull root and tuber harvesters [4,5].
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Many researchers have proposed the use of vibrating blades for harvesting root
and tuber crops [4–7]. The goal is to reduce power consumption while improving tuber
separation efficiency, energy utilisation efficiency, scouring of soil-working components
(reducing adhesion), and reducing soil compaction [8,9]. Limited work has been done on the
adoption of oscillating blades in root-tuber harvesting machines. Meanwhile, the oscillation
parameters must be selected to obtain the desired draught reduction and optimum soil
breakup without a prohibitive increase in power expenditure.

An in-depth understanding of how soil interacts with tools is crucial for concep-
tualising and designing energy-efficient and adaptable implements for root and tuber
harvesting [4,10]. However, understanding soil–tool interaction phenomena is challenging
due to the anisotropic behaviour of soils and the transient stochastic loads they encounter
during loosening [11]. The critical-state soil mechanics of agricultural tools are still being
investigated. Some approaches have been used to study soil–tool interactions and soil
failure, including empirical studies, analytical modelling, and numerical simulations us-
ing computational fluid dynamics (CFD), finite element method (FEM), and the discrete
element method (DEM) [12–14].

Numerical computations based on discrete element methods (DEM) utilise the laws
of motion and mechanical interaction properties of elements or particles within complex
discrete systems such as grains and soils [15]. Recent developments in discrete element
theories and related software have made it easier for scholars to apply DEM to design and
optimise agricultural machinery [16–19]. In addition to soil–tool interaction, crop–machine
interaction is also included in such advancements. For instance, a dry direct-seeding rice
precision planter with film mulching was developed by Li et al. [20] using DEM. Their study
determined optimum working parameters based on DEM simulation results under different
soil conditions. Wan et al. [7] studied the effect of oscillations on shovel–rod components
for liquorice harvesting using the discrete element method. The results showed that each
1 mm increase in amplitude decreased draught force by 463.35 N and increased total torque
and specific energy consumption by 35.03 N m and 4.3 kJ m−3, respectively. However, a
1 Hz increase in vibration frequency increased specific energy consumption by 3.12 kJ m−3,
whereas draught force and total torque decreased by 375.75 N and 28.44 Nm, respectively.
Li et al. [21] investigated the mechanism for soil separation and its effectiveness in removing
soil by combining DEM with the multi-body dynamics (MBD) method. However, the
energy requirements for digging the tuber from the soil were not analysed. The model
was validated through field experiments, and the results exhibited a relative error of 3.81%.
Wanru et al. [22] utilised the Hertz–Mindlin approach along with a flexible bonding contact
model to simulate and establish the process of harvesting tiller taro using DEM.

A key step in ensuring the accuracy of a DEM model is the determination and use of
accurate simulation input parameters, including intrinsic and contact parameters [6,23,24].
The intrinsic properties of a material, such as the Poisson’s ratio, Young’s modulus, and bulk
density, can be determined experimentally in the laboratory, or the values can be obtained
from the literature [25]. As a result of differences in geometry and surface roughness
between simulated and actual particles, it is necessary to simulate and use DEM to calibrate
the contact parameters (primarily friction coefficients and coefficient of restitution) [26,27].
A combination of physical experiments and simulation tests is frequently used to calibrate
contact parameters. For instance, mung beans were simulated using the Hertz–Mindlin
contact model with bonding by Zhang et al. [28]. They performed physical and DEM
simulation experiments between mung bean seeds and two machine parts.

Although some field and laboratory studies have been conducted to study the draught
and power requirements of vibrating soil tools, there are only a few investigations in which
the problem was numerically approached. Additionally, there is no indication that these
investigations are related to the specific situation of a mixed medium such as soil with
tubers or roots embedded within it. Despite the importance of understanding cutting-
tool interactions, little progress has been made in this frontier due to the complexity of
tool–medium interactions. In addition, there has been little progress in modelling the
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interaction of full-scale implements and soil. Thus, the objectives of this study were to
(i) investigate the performance of a Jerusalem artichoke harvester vibrating digging shovel
(full scale) on two soil textures (clay and sandy loam soils), (ii) develop DEM soil models
including the artichoke crop, (iii) validate the developed DEM models by comparing the
field draught force and drawbar power measurement with the predicted DEM values,
and (iv) assess the shovel’s ability to dig and translocate the soil–crop mixture to the rear.
The soil–crop DEM model developed will help evaluate root-tuber harvesting machines
considering the entire working width of the digging tool.

2. Materials and Methods
2.1. Description of the Jerusalem Artichoke Harvester

The harvester is a 4U-1600A Jerusalem artichoke harvester, which is a semi-trailed
harvester (Figure 1). Generally, the harvester has five main working units: depth adjust-
ment, shovel and vibration mechanism, soil–tuber conveyor, cleaning cylinder, and tuber
conveyor. The effective working width of the harvester is 1600 mm. The machine has a
hydraulic system that powers the working units (Supplementary Figure S1). The harvester
has a programmable logic control (PLC) system to control the hydraulic system and collect
data such as draught force, vibration frequency, and forward speed (Supplementary Figure
S2). Typically, the harvester can dig up to a depth of 300 mm. However, with minimal
adjustment, it can exceed this limit.
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TMS-Pro texture analyser (FTC, Washington, DC, USA). The shear modulus, elastic mod-
ulus, and Poisson’s ratio of the Jerusalem artichoke tubers were calculated as 4.23 × 106 Pa, 
1.19 × 107 Pa, and 0.408, respectively, using Equations (1)–(5). The average diameter of the 
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Figure 1. 4U-1600A Jerusalem artichoke harvester: (1) diablo rollers (depth adjustment), (2) soil–tuber
conveyor, (3) shovel, (4) harvester body, (5) vibration mechanism, (6) hydraulic motor, (7) wheel,
(8) hydraulic fluid tank, (9) cleaning cylinder, and (10) tuber conveyor.

2.2. Determination of Mechanical and Physical Properties of Jerusalem Artichoke Crop

Fresh Jerusalem artichoke tubers (Figure 2a) were obtained, and their average density
was determined to be 1184 kg m−3 using the water displacement method (Figure 2b).
Standard compression test specimens with a diameter of 10 mm and a length of 20 mm
were prepared. A single-factor uniaxial compression (Figure 2c) was conducted using a
TMS-Pro texture analyser (FTC, Washington, DC, USA). The shear modulus, elastic modu-
lus, and Poisson’s ratio of the Jerusalem artichoke tubers were calculated as 4.23 × 106 Pa,
1.19 × 107 Pa, and 0.408, respectively, using Equations (1)–(5). The average diameter of the
Jerusalem artichoke roots was determined to be 5.5 mm. The friction coefficients (static
and rolling) and the coefficient of restitution of the Jerusalem artichoke tubers and roots
were determined using the inclined plane method (Figure 2d). A three-point bending test
was carried out on the roots (Figure 2e). From the test, the elastic modulus of the roots was
determined to be 1.32 × 107 Pa. The approaches used in determining the mechanical and
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physical properties of the tubers and roots were utilised for the stem. A summary of the
mechanical and physical properties is presented in Supplementary Table S1.

σ =
p
A

(1)

ε =
∆L
L

(2)

E =
σ

ε
(3)

v = − ε lateral
εaxial

(4)

G∗ =
E

(2 × (1 + v))
(5)

where A is the cross-sectional area (mm2), p is the load applied (N), σ is the axial stress
(N m−2), ε is the axial strain, ∆L is the change in specimen length (mm), L is the original
specimen length (mm), E is the elastic modulus (Pa), v is the Poisson’s ratio, and G is the
shear modulus (Pa).
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Figure 2. Mechanical and physical properties experiment for Jerusalem artichoke crop: (a) sampled
tubers from artichoke field (different sizes and shapes), (b) tuber density determination, (c) uniaxial
compression test, (d) inclined plane method for friction coefficients, and (e) root bending test.

2.3. Determination of Soil Mechanical and Physical Properties

Soil moisture content and cone penetration resistance were measured randomly in
the experimental fields before the field test. The moisture content was determined using
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an on-site soil moisture meter (volumetric water content), whereas the cone penetration
resistance was measured using a standard American Society of Agricultural and Biological
Engineers (ASABE) cone penetrometer (Supplementary Figure S3). The clay soil had a
mean moisture content of 17.14% and a cone index of 596.87–3744.86 kPa at 50–250 mm
depth. On the other hand, the sandy loam soil had a moisture content of less than 25% and
a cone penetration resistance of 800–1500 kPa at a depth of 150–250 mm.

2.4. Discrete Element Method Simulation Setup and Analysis

A DELL Precision 7920 Tower with Intel® Xeon® CPU 4214R @ 2.4 GHz, 12 cores
(24 threads), and 32GB RAM computer running EDEM® 2020 bulk material simulation
software was used to perform the DEM simulations. The clay soil was modelled without the
Jerusalem artichoke crop. However, the crop was incorporated into the sandy loam model
to mimic field conditions. Therefore, the measured mechanical and physical properties
determined in Section 2.2 were utilised to set up the DEM soil–crop model described in
detail in Section 2.4.1. The two virtual soil bins were both 2500 mm × 2500 mm × 400 mm
(width, breadth, and depth) in size. Furthermore, the DEM soil models were fitted with a
random particle size distribution (minimum: 0.5, maximum: 1.5 radius scales).

A hysteretic spring contact model (HSCM) with a linear cohesion model (LCM) was used
to establish the clay soil DEM model. The Hertz–Mindlin (HM) with Johnson–Kendall–Roberts
(JKR) base contact model and parallel bond (PB, version 2) were utilised to set up the sandy
loam soil [29]. The JKR model was added to account for the cohesion between particles,
whereas PB was used to create the crop model. The soil–crop model was calibrated using the
static angle of repose method, similar to what was used by Awuah et al. [6]. The calibration
was carried out by using an experimental design (I-optimal design, Supplementary Table
S3) based on response surface methodology (RSM). Figure 3 shows the static angle of the
repose experiment and the DEM results.
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pointer which serves as a visual reference for the angle being measured) and (b) DEM simulation.

Linear regression and ANOVA were performed to analyse the static angle of repose
results (Supplementary Table S4). The predicted R2 of 0.82 was in reasonable agreement
with the adjusted R2 of 0.93. A mean static angle of repose of 30.06◦ was obtained with
a standard deviation (Std.Dev). of 1.47 and coefficient of variation (CoV) of 4.91%. The
regression model was assessed for adequacy by using the diagnostic plots shown in Figure 4.
The diagnostic plots did not show any outliers in the data, implying that the data fit
the designed model. Numerical optimisation was performed to obtain optimal input
parameters by targeting the measured static angle of repose (29.85◦). The optimal values
are shown in Figure 5, whereas Table 1 lists the input parameters used for the DEM soil–crop
mixture model simulation. The procedure used to determine the optimal input parameters
for the soil–crop mixture was employed to obtain the optimal input parameters for the
clay–soil DEM model (see Supplementary Tables S5 and S6, and Supplementary Figure S4).
The DEM input parameters used for the clay soil are shown in Table 2.
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Table 1. DEM input parameters for the soil–crop mixture model (sandy loam soil).

Parameter and Unit Value Remarks

Poison’s ratio: soil 0.3 Selected
Poison’s ratio: steel 0.3 [30]
Poisson’s ratio: root 0.38 Measured
Poison’s ratio: tuber 0.48 Measured
Poison’s ratio: stem 0.35 Measured
Particles’ solid density (kg m−3) 2600 [6]
Density of steel (kg m−3) 7865 [30]
Density of root (kg m−3) 1132 Measured
Density of tuber (kg m−3) 1184.4 Measured
Density of stem (kg m−3) 250.75 Measured
Shear modulus (Pa): soil 1.7 × 107 [6]
Shear modulus (Pa): steel 7.9 × 1010 [30]
Shear modulus (Pa): root 4.78 × 106 Measured
Shear modulus (Pa): tuber 4.23 × 106 Measured
Shear modulus (Pa): stem 2.72 × 108 Measured
Coefficient of restitution: soil–soil 0.6 [6]
Coefficient of restitution: soil–steel 0.6 [6]
Coefficient of restitution: soil–root 0.439 Calibrated
Coefficient of restitution: soil–tuber 0.514 Calibrated
Coefficient of restitution: soil–stem 0.554 Calibrated
Coefficient of restitution: root–steel 0.32 Measured
Coefficient of restitution: tuber–steel 0.62 Measured
Coefficient of restitution: stem–steel 0.53 Measured
Coefficient of static friction: soil–soil 0.45 [6]
Coefficient of static friction: root–soil 0.195 Calibrated
Coefficient of static friction: tuber–soil 0.212 Calibrated
Coefficient of static friction: stem–soil 0.166 Calibrated
Coefficient of static friction: soil–steel 0.45 [6]
Coefficient of static friction: root–steel 0.511 Measured
Coefficient of static friction: tuber–steel 0.446 Measured
Coefficient of static friction: stem–steel 0.5 Measured
Coefficient of rolling friction: soil–soil 0.18 [6]
Coefficient of rolling friction: root–soil 0.015 Calibrated
Coefficient of rolling friction: tuber–soil 0.175 Calibrated
Coefficient of rolling friction: stem–soil 0.069 Calibrated
Coefficient of rolling friction: root–steel 0.21 Measured
Coefficient of rolling friction: tuber–steel 0.32 Measured
Coefficient of rolling friction: stem–steel 0.05 Measured
Normal stiffness per unit area (N m−3) 1 × 109 Selected
Shear stiffness per unit area (N m−3) 2.5 × 107 Calibrated
Normal strength (Pa) 1.3 × 106 Calibrated
Shear strength (Pa) 1.15 × 106 Calibrated
Bonded disk scale 1 Selected
JKR surface energy (J m−2) 10 Selected

Table 2. DEM input parameters used for the soil–tool interaction simulation (clay soil).

Parameter and Unit Value Remarks

Poison’s ratio: soil 0.3 Selected
Poison’s ratio: steel 0.3 [30]
Particles’ solid density (kg m−3) 2600 Selected
Density of steel (kg m−3) 7865 [30]
Shear modulus (Pa): soil 2 × 107 Calibrated
Shear modulus (Pa): steel 7.9 × 1010 [30]
Yield strength (Pa): soil (single sphere,
dual sphere, and triple sphere) 2.21 × 106, 2.56 × 106, and 2.37 × 106 Default value in EDEM® 2020
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Table 2. Cont.

Parameter and Unit Value Remarks

Yield strength (Pa): steel 1 × 109 Default value in EDEM® 2020
Coefficient of restitution: soil–soil 0.467 Calibrated
Coefficient of restitution: soil–steel 0.05 Selected
Coefficient of static friction: soil–soil 0.388 Calibrated
Coefficient of static friction: soil–steel 0.45 Selected
Coefficient of rolling friction: soil–soil 0.192 Calibrated
Coefficient of rolling friction: soil–steel 0.15 Selected
Damping factor 0.5 Default value in EDEM® 2020
Stiffness factor 0.85 Default value in EDEM® 2020
Cohesive energy density (J m−3) 20,965.7 Calibrated
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2.4.1. Discrete Element Method Soil–Crop Modelling

Generally, Jerusalem artichoke tubers have irregular shapes compared to those of
potatoes. Thus, modelling such forms is challenging. However, a relatively less complicated
tuber was used to create the DEM model (Figure 6a). The Jerusalem artichoke DEM crop
model was first created using SolidWorks from a scanned image of the tuber (Figure 6b).
The 3D model was then imported into EDEM as a template and meshed (Figure 6c). The
complete crop model was then developed using the meta-particle feature in EDEM [29]
and the PB contact model (Figure 6d). Meta particle allows flexible materials such as roots
to be modelled. The virtual soil bin was created with the Jerusalem artichoke crop models
embedded at a tuber depth of 150 mm and a spacing of 829 × 425 mm (Figure 7). The
particles were compressed to the desired bulk density (1536 kg m−3) and depth to prevent
the soil bin from becoming excessively loose. The particle size distribution employed
created an interlocking effect, which also aided with realistic particle behaviour. The
fork-shaped and the S-shaped shovels were then imported to evaluate their ability to dig
and translocate the soil–crop mass to the rear of the digging tool, a feature desirable for a
tuber-harvesting machine.
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2.5. Experimental Design and Analysis

Field performance evaluation was conducted on two soil types (clay and sandy loam
soils) to assess the shovel’s ability to work in diverse soil conditions. First, the harvester
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was evaluated in a clay-textured soil experimental field without Jerusalem artichoke crop
on 8 and 9 September 2022, in Yu Cheng City, Shandong Province. The second evaluation
was performed on 14 November 2022, in a Jerusalem artichoke plantation field with sandy
loam soil in Wanggang Xinzha, Yancheng City, Jiangsu Province. Figure 8 shows the
tractor–harvester setup used in the two fields.
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Figure 8. Tractor–harvester setup used in this study.

Single-factor tests were used to evaluate the harvesters. A mixture of 5, 9.75, 12.5, and
14.5 Hz frequencies and 1, 2, and 4 km h−1 forward speeds were employed in the clay soil
field at a digging depth of 200 mm (Figure 9a). However, the sandy loam soil field was
evaluated using 10 Hz and 12.5 Hz frequencies plus 1 and 2 km h−1 forward speeds at a
digging depth of 200 mm. These parameters were selected based on the optimal parameters
of previous studies [6] and the available tractor power. The digging depth of 200 mm was
used for the Jerusalem artichoke field because the tubers had developed to an average
maximum depth of 150 mm (Figure 9b).
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Figure 9. The depth of operation for the two field experiments: (a) clay soil field and (b) sandy loam field.

The fork-shaped shovel was fitted as the digging shovel for this field experiment.
However, the S-shaped shovel was combined with the fork-shaped shovel to assess the
tools’ ability to dig, crush, and transport the soil/soil–crop mass to the other parts of the
harvester using DEM. The field experiments were replicated using the virtual DEM soil bin
created. Figure 10 shows the DEM simulation setup and the digging shovels used for this
study. The shovel’s vibratory motion involves rotation around its pin and striking with a
translational motion, causing it to penetrate, lift, and slightly retract from the ground before
returning to its original position. The velocity profile feature in EDEM simulation software
was utilised to assess the movement of the soil particles and the crop during harvesting.
In contrast, the bulk density sensor feature was used to evaluate the tool’s ability to crush
the soil. General linear regression was used to analyse the effect of the parameters on the
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draught force and drawbar power. Linear regression and analysis of variance (ANOVA)
were performed to check the adequacy of the models.
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3. Results and Discussion

This section presents the field experiment results and the discrete element simulations.
Tables 3 and 4 show a good correlation between the adjusted R2 and the predicted R2 (i.e.,
the difference was less than 0.2) for all the response variables, suggesting that the design
model was accurate. Additionally, from Table 5, all the main model treatments and the
interaction of the terms were statistically significant at p < 0.05, implying that the treatments
affected the measured variables.

Table 3. Regression model fit summary for responses (clay field experiment and DEM simulation).

Source Sequential p-Value Adjusted R2 Predicted R2 Remark

Experiment draught force
Linear <0.0001 * 0.9038 0.8475
2FI 0.0798 ** 0.9280 0.7966
Quadratic 0.0512 ** 0.9643 0.9324 Suggested
Cubic 0.0340 * 0.9947 0.9664 Aliased
DEM draught force
Linear <0.0001 * 0.9017 0.8430
2FI 0.0908 ** 0.9243 0.7748
Quadratic 0.0394 * 0.9657 0.9120 Suggested
Cubic 0.0240 * 0.9959 0.9538 Aliased
Experiment drawbar power
Linear <0.0001 * 0.9473 0.9011
2FI 0.0006 * 0.9874 0.9692 Suggested
Quadratic 0.0963 ** 0.9923 0.9734
Cubic 0.0085 ** 0.9995 0.9977 Aliased
DEM drawbar power
Linear <0.0001 * 0.9450 0.8974
2FI 0.0010 * 0.9850 0.9623 Suggested
Quadratic 0.0777 ** 0.9915 0.9693
Cubic 0.0073 * 0.9995 0.9968 Aliased

*: Statistically significant (p < 0.05); **: statistically not significant (p > 0.05).
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Table 4. Regression model fit summary for the sandy loam soil (field and DEM simulation).

Source Experiment Draught Force DEM Draught Force

Std. Dev. 368.33 362.5
Mean 11,963.1 11,411.15
CoV% 3.08 3.18
R2 0.9952 0.9951
Adjusted R2 0.9857 0.9852
Predicted R2 0.9235 0.9212
Adequacy precision 22.8498 22.4509

3.1. Effect of Speed and Frequency on Draught Force

Figure 11 shows the effect of vibration frequency and forward speed on draught
force for the clay soil field. The draught force increased as speed increased for the field
experiment and DEM simulation. For example, at 5 Hz frequency, the draught increased
from 16,542.17 to 26,019.39 N when forward speed increased from 1 to 4 km h−1. Soehne [31]
found that draught force was a function of soil acceleration and, consequently, proportional
to the square of speed. McLaughlin and Campbell [32] also observed a similar outcome. They
noted that accelerating the movement of soil particles increased frictional forces on tines.
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Table 5. ANOVA summary result for the clay soil (field and DEM simulation).

Experiment Draught Force (Quadratic) DEM Draught Force (Quadratic) Experiment Drawbar Power (2FI) DEM Drawbar Power (2FI)

Source F-Value p-Value Source F-Value p-Value Source F-Value p-Value Source F-Value p-Value

Model 60.51 <0.0001 * Model 62.89 <0.0001 * Model 288.85 <0.0001 * Model 242.23 <0.0001 *
A 150.65 <0.0001 * A 159.85 <0.0001 * A 66.6 <0.0001 * A 57.39 0.0003 *
B 157.21 <0.0001 * B 159.02 <0.0001 * B 810.21 <0.0001 * B 678.05 <0.0001 *

AB 8.13 0.0291 * AB 8.15 0.029 * AB 29.72 0.0006 * AB 25.06 0.0010 *
A2 5.33 0.0603 ** A2 7.54 0.0335 *
B2 4.83 0.0.0704 ** B2 4.09 0.0895 **

Std.Dev. 876.40 Std.Dev. 836.44 Std.Dev. 1.01 Std.Dev. 1.06
Mean 16,990.08 Mean 16,321.74 Mean 12.07 Mean 11.59
CoV% 5.16 CoV% 5.12 CoV% 8.37 CoV% 9.17

A: forward speed; B: frequency; Std.Dev.: standard deviation; CoV: coefficient of variation; 2FI: two-factor interaction; *: statistically significant (p < 0.05); **: statistically not significant
(p > 0.05).
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Different studies have reported different results about draught force and forward
speed [33–35]. Several factors have contributed to this difference, including field conditions
and the type of tillage tool used in the studies. A similar trend was observed when the
harvester was evaluated in sandy loam soil, as shown in Figure 12. However, the sandy
loam soil’s draught forces (i.e., measured and predicted DEM values) were relatively
smaller than those of the clay soil. The reason may be due to the high cohesion in clay soil.
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In contrast to forward speed, draught force decreased with increasing vibration fre-
quency. For instance, the draught force decreased from 21,176.69 to 12,604.87 N (40.48%
reduction) when the harvester was operated at 5–14.5 Hz in clay soil (Figure 13a). Again, a
reduction of 20.48% (13,327.93–10,598.26 N) was obtained when the harvester was operated
in sandy loam soil at 10–12.5 Hz (Figure 13b). This reduction can be attributed to the re-
duced soil–steel friction angle and soil friction coefficient on the steel due to vibrations [36].
Vasilenko et al. [36] observed in a laboratory that the average value of the friction angle
of soil on steel, ϕ = 31.4◦, was reduced to ϕ = 26.5◦ when it was subjected to a vibration
frequency of 22–24 Hz. Conversely, when the metal sheet vibrated at 22–24 Hz, its friction
coefficient was reduced from 0.61 to 0.5. They later confirmed this phenomenon under
field experimental conditions using a plough. Their results showed that draught force was
reduced by 14.5% when the plough was operated at a depth of 300 mm, a forward speed



Agriculture 2023, 13, 1525 14 of 22

of 7.74 km h−1, a 5 mm amplitude, and an 8–10 Hz frequency. Other researchers have
reported similar reduction trends [8,37,38].
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3.2. Effect of Speed and Frequency on Drawbar Power

Figure 14 shows the relationship between drawbar power, forward speed, and vibra-
tion frequency for the field evaluation and DEM simulation. Drawbar power increased as
forward speed increased but decreased with increasing vibration frequency. The observed
trend is reasonable since drawbar power is influenced by draught force. Therefore, the
phenomenon used to explain the draught force trend holds. The drawbar power recorded
for the experimental fields with clay and sandy loam soils were minimum at vibration
frequencies of 12.5 Hz and 14.5 Hz, with values of 2.26 kW and 2.85 kW, respectively
(Tables 6 and 7). The results suggest that a relatively smaller tractor should pull the har-
vester when harvesting in sandy loam soil. To reduce drawbar power during harvesting
operation, it is recommended to set the frequency and speed to between 12–14.5 Hz and
1–2 km h−1, respectively.

Table 6. Comparison of clay soil field and DEM simulation result for draught force and drawbar power.

Frequency Forward Speed Experiment
Draught Force

DEM
Draught Force

Experiment
Drawbar Power

DEM
Drawbar Power RE

(Hz) (km h−1) (N) (N) (kW) (kW) (%)

5 1 16,542.170 15,926.626 4.595 4.424 3.721
5 2 20,951.889 20,105.592 11.640 11.170 4.039
5 4 26,036.022 25,019.387 28.929 27.799 3.905
9.75 1 13,288.189 12,867.725 3.691 3.574 3.164
9.75 2 17,684.548 17,270.654 9.825 9.595 2.340
9.75 4 22,677.284 21,915.671 25.197 24.351 3.358
12.5 1 12,819.620 12,362.924 3.561 3.434 3.562
12.5 2 16,586.874 15,699.174 9.215 8.722 5.352
12.5 4 19,479.821 18,863.692 21.644 20.960 3.163
14.5 1 10,245.086 9795.835 2.846 2.721 4.385
14.5 2 12,573.063 11,794.365 6.985 6.552 6.193
14.5 4 14,996.467 14,239.182 16.663 15.821 5.050

RE: relative error.
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Table 7. Comparison of sandy loam soil field and DEM simulation result for draught force and
drawbar power.

Frequency Forward Speed Experiment
Draught Force

DEM
Draught Force

Experiment
Drawbar Power

DEM
Drawbar Power RE

(Hz) (km h−1) (N) (N) (kW) (kW) (%)

10 1 11,232.587 10,669.730 3.120 2.964 5.011
10 2 15,423.266 14,753.971 8.568 8.197 4.340
12.5 1 8134.596 7705.821 2.260 2.141 5.271
12.5 2 13,061.930 12,515.067 7.257 6.953 4.187

RE: relative error.
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3.3. Discrete Element Method Model Validation

Tables 6 and 7 compare the two soil textures’ field experiment data and DEM sim-
ulation results for draught force and drawbar power. It is evident from the results that
DEM closely predicted the draught force for the two scenarios (i.e., in clay and sandy loam
soils). Relative error (RE) was used to assess the prediction accuracy shown in Tables 6
and 7 for the clay and sandy loam soil, respectively. The average RE for the clay soil was
approximately 4%, whereas the RE for the sandy loam soil was 4.7%.
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3.4. Particle Displacement Analysis

The fork-shaped and S-shaped shovels were tested to see whether they could dig
and transfer the soil–crop mass to the rear of the digging tool, a vital feature for tuber
harvesting. From Figure 15, the S-shaped shovel was better than the fork-shaped shovel
regarding soil translocation when the tool was run at 14.5 Hz, 4 km h−1 forward speed, and
200 mm depth in clay soil. In addition, at those same operating parameters, the S-shaped
shovel produced a smaller soil bulk density (706.35 kg m−3) than the fork-shaped shovel
(864.53 kg m−3) after the tool passed (Figure 16).
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Figure 16. DEM predicted soil bulk density for clay soil evaluation: (a) fork-shaped shovel and (b)
S-shaped shovel.

The lower bulk density suggests that the shovel can pulverise the soil fairly well,
thereby increasing porosity. Porosity, the percent by volume of a soil sample not occupied by
solids, is directly related to bulk and particle densities. If particle density remains constant
as bulk density increases, the porosity decreases [39]. Furthermore, the results indicate that
the S-shaped shovel performed better in cohesive soils than the fork-shaped shovel.

Figures 17 and 18 show the soil–crop mass translocation and DEM bulk density
estimation, respectively, when the tools were run at 12 Hz frequency, 2 km h−1, and
200 mm depth in sandy loam soil. Once again, the results show that the S-shaped shovel
was able to translocate the soil–crop mass to the rear better than the fork-shaped shovel.
The predicted bulk density for the S-shaped shovel (889.13 kg m−3) was also smaller than
that of the fork-shaped shovel (993.91 kg m−3).
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4. Conclusions

In this study, the field performance of a vibrating digging shovel was evaluated. DEM
models were successfully developed for two soil textures (clay and sandy loam). The
developed DEM models were used to simulate the soil–tool and soil–crop interactions
using a hysteretic spring, Hertz–Mindlin, and parallel bond contact models. Full-scale
shovels were evaluated to mimic the actual harvesting scenarios. Reasonable draught force
and drawbar power predictions were made with DEM with mean relative error values of
4% and 4.7% for the clay and sandy loam soils, respectively, compared to experimental data.
With increasing forward speed (1–4 km h−1), draught requirements on the tine increased by
46.38%. It was also found that increasing vibration frequency from 5 to 14.5 Hz decreased
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both draught force and drawbar power by 42.4%. The S-shaped shovel could crush and
translocate soil–crop mass to the rear better than the fork–shaped shovel. This suggests
that the S-shaped shovel works well in different soil conditions ranging from frictional to
cohesive soils. The findings of this study also show that draught force and drawbar power
were generally higher for the clay soil compared to the sandy loam soil evaluated. The
methodology used to develop the soil–crop model can be applied to other root and tuber
crops, facilitating the virtual evaluation of digging tools or entire harvesters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13081525/s1, Supplementary Figure S1. Hydraulic
system circuit diagram; Supplementary Figure S2. Control and measuring equipment: (a) PTO input,
(b) hydraulic cylinder, (c) user interface module, (d) information acquisition module, (e) hydraulic
pump, (f) hydraulic valve module, (g) PLC unit, and (h) hydraulic motor; Supplementary Figure
S3. Field soil moisture meter (left) and soil cone penetrometer (right); Supplementary Figure S4.
DEM input parameter calibration for the clay soil: (a) static angle of repose test, (b) static angle
of repose measurement using EDEMPy script, (c) normal plot of residuals, (d) predicted versus
actual diagnostic plot, (e) static angle of repose 3D surface plot for rolling friction and static friction,
(f) static angle of repose 3D surface plot for static friction and restitution, (g) numerical optimisation
result; Supplementary Table S1. Mechanical and physical properties of Jerusalem artichoke crop;
Supplementary Table S2. Static angle of repose factors and level; Supplementary Table S3. I-optimal
experimental design and data for static angle of repose simulation; Supplementary Table S4. ANOVA
results for static angle of repose simulation (sandy loam soil); Supplementary Table S5. Box-Behnken
experimental design and result for the angle of repose simulation (Clay soil). Supplementary Table
S6. ANOVA results for static angle of repose simulation (clay soil).
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Nomenclature

A Cross-sectional area (mm2)
ANOVA Analysis of variance
ASABE American Society of Agricultural and Biological Engineers
CoV Coefficient of variation
CFD Computational fluid dynamics
DEM Discrete element method
E Elastic modulus (Pa)
FEM Finite element method
G Shear modulus (Pa)
HSCM Hysteretic spring contact model
JKR Johnson–Kendall–Roberts
L Original specimen length (mm)
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LCM Linear cohesion model
P Load applied (N)
PB Parallel bond
RE Relative error
RSM Response surface methodology
Std.Dev. Standard deviation
2FI Two-factor interaction
v Poisson’s ratio
∆L Change in specimen length (mm)
σ Axial stress (N m−2)
ε Axial strain
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