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Abstract: In  order  to  systematically  obtain  the  excavation  characteristic  parameters  for  ginger  harvesting,  experimental
analysis was conducted on the discrete elemental parameters in a particle simulation model of the ginger-soil system. Through
stacking tests, the surface energy of soil-ginger tuber JKR was determined to be 3.7 J/m2, the coefficient of static friction of soil-
steel  (65  Mn)  was  0.56,  the  coefficient  of  rolling  friction  was  0.03,  and  the  coefficient  of  restitution  of  collision  was  0.40.
Utilizing normal and lateral  compression tests conducted on the soil  body, the soil  base parameters required for the Bonding
model  were  determined.  Subsequently,  a  three-dimensional  model  of  ginger  root  and  stem  was  constructed  using  these
parameters. With the aid of 3D scanning technology, a discrete element parameter model was established for the ginger field
during  the  harvesting  period.  On  the  basis  of  the  measured  parameters,  a  three-dimensional  model  of  ginger  rhizome  was
established  and  finally  a  discrete  parameter  model  of  ginger  field  was  constructed  in  the  harvesting  period.  The  calibration
parameters are highly reliable after the model’s tightness and field harvesting test, which provides reliable data support for the
soil flow and the force of the soil-touching parts during the later simulation of ginger harvesting and digging operation.
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1    Introduction
Ginger  holds  significant  importance  in  China  as  an  essential

export  commodity  and  a  significant  source  of  foreign  exchange
earnings.  China  boasts  the  largest  ginger  planting  area  globally.
Nevertheless, the mechanized harvesting of ginger faces challenges
with  low efficiency,  elevated  digging  resistance,  and  susceptibility
to  ginger  piece  damage.  Through  the  use  of  discrete  element
simulation technology,  the key to  optimizing the ginger  harvesting
equipment and improving the level of mechanized harvesting lies in
exploring the motion laws, encompassing aspects such as soil  load
and  deformation,  as  well  as  ginger  load  and  motion  dynamics
throughout  the  ginger  harvesting  process[1-5].  At  present,  the  main
focus of discrete element simulation technology has centered on the
parameter calibration of corn, wheat and other seeds, as well as the
construction  of  granular  body  models[6-8].  The  discrete  element-
based  granular  body  simulation  model  was  constructed  by

determining  the  essential  parameters  (density,  shear  modulus,
Poisson’s  ratio,  and  others)  for  the  crops.  Additionally,  contact
parameters (surface energy between particles, between particles and
the  surrounding  materials,  coefficient  of  restitution,  coefficient  of
static  friction,  coefficient  of  rolling  friction,  and  others)  were
determined and incorporated into the model[9]. Due to the difference
between the granular body and the actual crop, there are difficulties
in obtaining an accurate granular body simulation model by relying
only  on  the  directly  determined  parameters[10].  The  current  discrete
element models for root crop harvesting are lacking in ability with
regard  to  accurately  simulating  the  soil’s  water  content  and
adhesion  characteristics.  Zhang  et  al.[11]  made  a  notable
improvement  to  the  traditional  discrete  element  model  by
incorporating  the  effects  of  liquid  bridge  force  and  adhesion  force
between soil particles. This modification significantly enhanced the
model’s  ability  to  produce  simulation  results  that  closely  resemble
real-world conditions. However, the soil model is homogeneous and
lacks  a  representation  of  crops,  making  it  incapable  of  simulating
crop loading and the effects of soil fragmentation. At the same time,
parameters such as water content and critical stress are affected by
soil  depth,  and  soil  discrete  element  model  parameters  need  to  be
determined  and  established  in  layers[12-14].  In  particular,  the  high
water  content  and  complex  particle  composition  of  the  soil  during
the ginger harvesting period require a virtual calibration method to
obtain  relatively  accurate  calibration  parameters[15,16].  Currently,
there is a scarcity of research on ginger modeling and particle body
simulation modeling of the ginger-soil system. As such, in line with
the  methodology  employed  for  crop  parameter  determination,
discrete  elemental  parameter  calibration  was  conducted  for  ginger
tubers  and  soil  during  the  harvesting  period.  On  the  basis  of  the
existing research, this paper takes the soil planted with cotton ginger
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as  an  example.  The  soil  is  loam with  higher  moisture  content  and
greater  viscosity,  and  analyzes  the  discrete  element  parameters  of
the  soil  in  the  harvest  period  of  ginger  field.  This  effort  aimed  to
establish  a  granular  body  simulation  model  for  the  ginger-soil
system, thereby offering a modeling framework for the investigation
of  factors  contributing  to  ginger  damage  and  the  reasons  behind
high excavation resistance[17,18]. 

2    Calibration  of  contact  parameters  for  ginger-soil
systems

The In the present study, the intrinsic parameters of the ginger-
soil  system  were  measured  experimentally.  The  determination  of
contact  parameters  between  soil  particles  and  ginger,  such  as  JKR
surface  energy  parameters,  collision  recovery  coefficients,  static
friction  coefficients,  and rolling  friction  coefficients,  was  achieved
through  a  combination  of  methods  including  the  steepest-climbing
test,  the  Box-Behnken  test,  and  regression  analysis  of  variance
(ANOVA).  These  approaches  are  beneficial  in  identifying  the
optimal parameter combinations for soil particles and ginger in the
simulation  model.  The  characteristic  parameters  of  soil  and  ginger
were  determined  by  means  of  data  searching  as  well  as  tests,  as
listed in Table 1.  Using EDEM’s own particle unit,  Single Sphere,
Straight  Four,  Square  Four,  and  Triple  Sphere  were  utilized  to
establish  soil  spherical  block  particles,  columnar  particles,  block
particles, and nuclear particles, respectively, as shown in Figure 1[18-21].
  

Table 1    Data on soil contact parameters in ginger fields
Parameter Value Parameter Value

Density of soil
particles/kg·m–3 2680 Poisson’s ratio of ginger particles 0.28

Soil particle shear
modulus/MPa 1 Soil-soil surface energy/J·m–2 3.53

Poisson’s ratio of soil
particles 0.38 Soil-soil coefficient of restitution 0.31

65 Mn density/kg·m–3 7861 Soil-soil coefficient of static friction 0.68

65 Mn shear modulus/Pa 7.9×
1010

Soil-soil coefficient of rolling
friction 0.05

65 Mn Poisson’s ratio 0.28 Soil-65 Mn steel coefficient of
restitution 0.44

Ginger particle density/kg·m–31160 Soil-65 Mn steel coefficient of static
friction 0.45

Ginger particle shear
modulus/MPa 1.21 Soil-65 Mn steel coefficient of

rolling friction 0.12

  

a. Spherical lumpy particles

d. Nucleated particles

b. Cylindrical particles

c. Blocky particles

Figure 1    Soil particle model
  

2.1    Steepest climb test
Through the use of the GEMM database in EDEM, the range of

values  of  contact  parameters  (JKR  surface  energy  parameter,
coefficient of restitution, coefficient of static friction and coefficient
of rolling friction of soil  particles and ginger) was obtained. These
values  were  derived  from the  steepest  climb test[22]  results,  and  the
mixing angle of repose, as illustrated in Figure 2, was set at 34.43°,
as  detailed  in  Table  2.  As  the  values  of  factors  A,  B,  C,  and  D

increased, the stacking angle derived from the simulation gradually
increased, and the relative error between the simulation results and
the actual values exhibited a tendency to decrease and then increase.
The relative error of the stacking angle reached the minimum value
at the No. 2 test level. Therefore, the No. 2 level was selected as the
center point  and set  as the medium level,  and the No. 1 and No. 3
levels were selected as the low and high levels, respectively.
  

Figure 2    Mixed soil and tuber stacking test
  

Table 2    Steepest climb test program and results
Serial
number

Parameter
A/(J·m–2)

Parameter
B

Parameter
C

Parameter
D

Angle of
repose/(°)

Relative
error/%

1 3.50 0.15 0.20 0 33.21 3.55
2 6.13 0.30 0.44 0.05 34.16 0.78
3 7.75 0.45 0.68 0.10 39.62 15.07
4 11.38 0.60 0.92 0.15 41.63 20.92
5 14.00 0.75 1.16 0.20 45.51 32.18

Note: Parameters A, B, C, and D refer to the JKR surface energy parameter,
coefficient of restitution, coefficient of static friction, and coefficient of rolling
friction, respectively, between soil particles and ginger tubers.
  

2.2    Box-Behnken test
The  Box-Behnken  test  method  was  selected  in  the  present

study, and the experimental design scheme and results are listed in
Table  3.  Through  the  utilization  of  Design-Expert  software,  the
effect  of  each  factor  on  the  angle  of  repose  of  soil  φ  was
determined, and by excluding factors that did not have a significant
effect  on  the  accumulation  angle,  the  second-order  regression
equation could be obtained as:

φ =37.42+6.79A−5.39B+6.08D−7.56AB+7.74AC+

8.04AD+9.84BC−7.86BD+12.12C2 (1)

In  this  regression  simulation  equation,  the  effects  of  factor C
and the interaction terms CD, A2, B2, and D2 on angle of repose were
not  significant.  From  the  one-factor  level  analysis,  an  observation
can be made that the order of magnitude of the effect of each factor
on  the  angle  of  repose  was  A>D>B>C;  in  the  interaction,
BC>AD>BD>AC>AB>CD; C2>A2>B2>D2, as listed in Table 4. 

2.3    Analysis of factor interaction effects
By  employing  Design-Expert  software,  the  response  surface

plots  of  the  effect  of  each  factor  on  the  index  were  derived.  From
Figure  3,  an  observation  can  be  made  that  the  angle  of  repose
exhibited  a  gradual  increase  with  the  increase  in  JKR  surface
energy; with the increase in collision recovery coefficient, the angle
of repose exhibited a decreasing trend under the interaction with the
static  friction  coefficient;  the  angle  of  repose  gradually  increased
with  the  increase  in  rolling  friction  coefficient;  and  the  angle  of
repose  firstly  decreased  and  then  gradually  increased  with  the
increase in static friction coefficient. 

2.4    Optimal  parameter  combination  and  simulation
verification

Utilizing  the  Design-Expert  software,  optimization  was
conducted  under  the  condition  of  a  mixed  angle  of  repose  set  at
34.43°.  The resulting optimized values for  the JKR surface energy
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parameter  for  the  soil-ginger  interface  were  determined  to  be
3.7  J/m2,  with  corresponding  coefficients  of  restitution,  rolling
friction, and static friction at 0.40, 0.56, and 0.03, respectively. The
results of the simulation test of the stacking of ginger and soil under
the  optimal  combination  of  the  solution  parameters  are  shown  in
Figure  4.  The  simulation  test  yielded  a  result  of  35.26°,  which  is
highly  similar  to  the  real  test  result,  and  the  relative  error  was
2.41%, which could be used for the calibration of the model contact
parameters. 

 

Table 3    Box-Behnken experimental design scheme and results
Serial
number

Parameter
A/J·m–2

Parameter
B

Parameter
C

Parameter
D

Angle of
repose/(°)

1 0(5.63) 0(0.30) 0(0.44) 0(0.05) 38.97
2 0 –1(0.15) 0 1(0.10) 43.41
3 0 0 –1(0.20) –1(0) 30.27
4 –1(3.50) 1(0.45) 0 0 23.42
5 1(7.75) 0 –1 0 47.89
6 0 0 0 0 25.57
7 0 0 0 0 38.43
8 0 –1 –1 0 70.56
9 0 1 –1 0 30.16
10 0 –1 1(0.68) 0 46.45
11 0 1 0 1 30.49
12 0 1 1 0 45.41
13 –1 –1 0 0 22.72
14 1 –1 0 0 51.55
15 0 0 0 0 43.47
16 0 0 0 0 40.69
17 0 0 –1 1 55.74
18 –1 0 0 –1 28.96
19 –1 0 0 1 26.26
20 0 0 1 1 53.93
21 –1 0 –1 0 46.01
22 0 –1 0 –1 22.68
23 0 0 1 –1 43.29
24 1 0 0 –1 22.59
25 1 0 0 1 52.05
26 1 0 1 0 63.39
27 0 1 0 –1 41.18
28 1 1 0 0 22.01
29 –1 0 1 0 30.56

 

Table 4    Box-Behnken test quadratic model ANOVA

Source Sum of
squares

Degrees of
freedom

Mean
square

F-
value

p-
value Significance

Model 4092.05 14 292.29 5.91 0.0010 Significant
A 554.06 1 554.06 11.21 0.0048 Significant
B 348.88 1 348.88 7.06 0.0188 Significant
C 0.4784 1 0.4784 0.0097 0.9230 not Significant
D 443.07 1 443.07 8.96 0.0097 Significant
AB 228.61 1 228.61 4.62 0.0495 Significant
AC 239.43 1 239.43 4.84 0.0451 Significant
AD 258.51 1 258.51 5.23 0.0383 Significant
BC 387.2 1 387.2 7.83 0.0142 Significant
BD 246.82 1 246.82 4.99 0.0423 Significant
CD 55.04 1 55.04 1.11 0.3093 not Significant
A2 86.93 1 86.93 1.76 0.2061 not Significant
B2 28.07 1 28.07 0.5677 0.4637 not Significant
C2 953.12 1 953.12 19.28 0.0006 Significant
D2 25.39 1 25.39 0.5135 0.4854 not Significant

Residual 692.22 14 49.44
Lack of fit 501.06 10 50.11 1.05 0.5269 not Significant
Pure error 191.16 4 47.79
Cor total 4781.27 28

 

a. AB Interaction b. AC Interaction c. AD Interaction

d. BC Interaction e. BD Interaction f. CD Interaction
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Figure 3    Interaction between influencing factors
 

a. Simulation test b. Physical test

Figure 4    Comparison of simulation and physical test results
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3    Establishment  of  soil  mechanical  modeling
parameters
 

3.1    Determination of contact radius of soil particles
Upon  conducting  a  thorough  investigation,  it  was  ascertained

that the dimensions for ginger cultivation exhibited specific ranges,
as follows: the width of ginger border B=650-700 mm, the width of
ginger ridge b=350-450 mm, the depth of the tuber from the bottom
of ditch h1=150-200 mm, and the height  of  ridge h2=250-300 mm.
Considering  the  variability  of  growth  in  the  field,  B=700  mm,
b=350  mm,  h1=150  mm,  and  h2=300  mm  were  chosen.  The
condition  of  the  ginger  field  in  harvesting  period  is  shown  in
Figure 5.
  

B

b

III

II

I

h2

h1

Figure 5    Cross-section of ginger field division during
harvesting period

 

Due  to  multiple  soil  cultivation  activities  contributing  to  the
formation  of  ginger  ridges,  it  was  observed  that  the  soil  quality
remained  relatively  consistent  from  the  top  to  the  bottom  of  these

ridges.  Typically,  the  surface  layer  tended  to  be  loose,  while  the
underlying  layer  exhibited  increased  hardness.  Additionally,  the
bottom  of  the  furrow  became  hardened  due  to  repeated  soil
cultivation  operations.  To  ensure  the  accuracy  of  the  model,  a
stratified  sampling  approach  was  employed  for  ginger  ridges,
acknowledging  these  variations  in  soil  characteristics  at  different
layers within the ridges.  Taking the bottom of ginger tuber growth
as the benchmark, it was divided into Ⅰ, Ⅱ and Ⅲ zones from the
bottom  up.  The  soil  density  was  determined  by  weighing  after
sampling using the ring knife method.  Through the utilization of  a
soil  tester  and  a  DHS-16A  moisture  tester,  soil  compactness  and
water  content  were  determined  with  reference  to  the  GB5009.3-
2016 determination method[23].

Soil  has  a  complex  structure  and  consists  mainly  of  soil
particles  and  water.  The  water  content  plays  a  crucial  role  in
influencing  the  interactions  and  bonding  between  soil  particles,
conforming to the relationship described by Equation 2.

m1

m
=

ρwatervwater

ρsoilvsoil +ρwatervwater
= x% (2)

where, m1  is  the  mass  of  moisture,  Kg; m  is  the  total  mass  of  the
specimen, Kg.

vsoil =
4
3
ΠR3

1

vwater =
4
3
ΠR3

2 −
4
3
ΠR3

1

Set  the  soil,  soil  particles  and  water  volume  as  ,

,  and  the  radius  of  soil  particles  is  taken  as
R1=6 mm, the density of soil particles is taken as 2680 kg/m3[18], then
the cohesive radius of the particles in the soil  model, R'1[24],  can be
denoted as listed in Table 5.

 
 

Table 5    Soil particle bonding radius parameters

Region
Moisture content/% Bonded Disk Radius/mm

Maximum
value

Minimum
value

Mean
value

Standard
deviation

Coefficient of
variation

Maximum
value

Minimum
value

Mean
value

Standard
deviation

Coefficient of
variation

Ⅰ 12.97 9.29 10.80 1.15 0.11 6.34 5.89 6.08 0.220 0.04
Ⅱ 14.87 10.25 11.99 1.65 0.14 6.39 5.85 6.13 0.222 0.04
Ⅲ 14.62 8.96 12.03 2.37 0.20 6.07 5.64 5.87 0.214 0.04

 
 

3.2    Determination of bonding parameters of soil particles
The  soil  was  tested  in  compression  using  a  universal  tester  to

determine  the  critical  stress.  A  standard  cylindrical  specimen
(39.1  mm  in  diameter  and  80  mm  in  height)  was  fabricated.  The
testing protocol involved applying a loading rate of 10 mm/min[25] to
the  specimen  until  it  either  ruptured,  slipped,  or  disintegrated
completely.  Throughout  the  testing  procedure,  the  variations  in
stress  and  displacement  values  were  meticulously  recorded  and
monitored, as shown in Figure 6.
 
 

a. Soil normal compression

damage 

b. Soil tangential compression

damage 

Figure 6    Soil compression test
 

Through  the  compression  test,  the  stress  versus  deformation
curves  were  measured  to  obtain  the  Critical  Normal  Stress  and
Critical  Shear  Stress  of  the  soil  body,  that  is,  the  maximum  bond
normal and tangential  stresses of the soil  model.  From Equation 3,
the Stiffness per unit area of the soil body was obtained, as listed in
Tables 6 and 7[26-29].

δFn = −VnS nAδt

δFt = −VtS tAδt

(3)

where, Sn is normal stiffness per unit area of soil, N/m3; St is shear
stiffness per unit area of soil, N/m3; Vn, Vt is speed under load, m/s;
A is cross-sectional area, m2; δt is loading time, s. 

3.3    Particle  simulation  model  construction  and  validation  of
ginger-soil system

Utilizing 3D scanning technology,  ginger  tubers  were scanned
and  modeled  as  shown  in Figure  7.  The  results  of  ginger  and  soil
parameter  measurements  during  the  harvest  period  are  shown  in
Table 8. The particle radius was set as 6 mm, the particle simulation
model  of  the  ginger-soil  system  in  the  harvest  period  was
established,  and  tightness  puncture  simulation  testing  was
conducted[30-33],  as  shown  in  Figure  8.  The  measurement  data  are
shown  in  Table  9.  In  conjunction  with  the  mechanized  ginger
harvesting  process,  specific  operational  parameters  were  applied
during field testing of the ginger digging and shaking device. These
parameters  included  forward  speed  Vm=0.3  m/s,  shovel  surface
inclination  angle  ɑ=15°,  judder  frequency  f=4.2  Hz,  and  tilting
angle of shaking fence β0=26°[34-37]. The results of both the field test
and simulation test are presented in Figure 9, and the measured data
are  shown  in  Table  10.  Through  data  comparison,  findings  were
made  that  in  the  tightness  puncture  test,  the  simulation  parameter
test  value  was  slightly  larger  than  the  actual  value,  and  the
maximum  error  of  the  data  was  7.95%.  In  the  field  harvesting
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overall effect comparison, where the machine covered a distance of
80  m  per  test  run  (15  m  in  the  preparation  area,  50  m  in  the  test
area, and 15 m in the adjustment area) across 10 trials, the analysis
of  the  average  forward  resistance  during  ginger  harvesting  in  the

test  area[38]  revealed  a  maximum  relative  error  of  approximately
14.20%.  The  error  value  was  relatively  small,  primarily  stemming
from  the  complex  harvesting  conditions  encountered  during  the
field tests. Through data analysis, the feasibility and accuracy of the

 

Table 6    Parameters of soil bonding stress in ginger field

Region
Critical Normal Stress/MPa Critical Shear Stress/MPa

Maximum
value

Minimum
value Mean value Standard

deviation
Coefficient of
variation

Maximum
value

Minimum
value Mean value Standard

deviation
Coefficient of
variation

Ⅰ 0.45 0.19 0.28 0.09 0.34 0.22 0.08 0.12 0.0550 0.47
Ⅱ 0.14 0.03 0.09 0.04 0.45 0.01 0.01 0.01 0.0020 0.16
Ⅲ 0.09 0.02 0.05 0.03 0.59 0.01 0.01 0.01 0.0009 0.11

 

Table 7    Parameters of soil bond stiffness in ginger fields

Region
Normal Stiffness per unit area/N·m–3 Shear Stiffness per unit area/N·m–3

Maximum
value

Minimum
value Mean value Standard

deviation
Coefficient of
variation

Maximum
value

Minimum
value Mean value Standard

deviation
Coefficient of
variation

Ⅰ 42 444 821.73 18 270 987.59 28 561 591.93 8 448 451.36 0.30 26 540 284.36 6 553 079.95 13 040 881.80 7 602 939.26 0.58
Ⅱ 50 724 637.68 7 260 406.58 27 800 242.55 15 480 848.76 0.56 7 776 049.77 5 602 240.90 6 557 270.19 978 962.70 0.15
Ⅲ 25 157 232.70 6 107 669.49 16 392 709.27 7 842 272.61 0.48 6 516 072.98 4 467 277.20 5 314 555.88 1 069 347.79 0.20

 

Figure 7    3D scanning modeling of ginger
 

Table 8    Discrete elemental contact parameters of ginger field

Parameter Numerical
value Parameter Numerical

value
Density of soil
particles/kg·m–3 2680 Soil-soil coefficient of

restitution 0.31

Soil particle shear
modulus/MPa 1 Soil-soil coefficient of static

friction 0.68

Poisson’s ratio of soil
particles 0.38 Soil-soil coefficient of rolling

friction 0.05

65 Mn steel
density/kg·m–3 7861 Soil-65 Mn steel coefficient of

restitution 0.44

65 Mn steel shear
modulus/Pa 7.9×1010 Soil-65 Mn steel coefficient of

static friction 0.45

65 Mn steel Poisson’s
ratio 0.28 Soil-65 Mn steel coefficient of

rolling friction 0.12

Ginger particle
density/kg·m–3 1160 Soil-ginger surface

energy/J·m–2 3.70

Ginger particle shear
modulus/MPa 1.21 Soil-ginger coefficient of

restitution 0.40

Poisson’s ratio of
ginger particles 0.28 Soil-ginger coefficient of static

friction 0.56

Soil-soil surface
energy/J·m–2 3.53 Soil-ginger coefficient of

rolling friction 0.03

 

Table 9    Comparison of tightness parameters

Region Tightness/MPa
(simulated value)

Tightness/MPa
(test value) Relative error/%

Ⅰ 1.98 1.92 3.13
Ⅱ 1.46 1.41 3.55
Ⅲ 0.95 0.88 7.95

 

Figure 8    Discrete element model of ginger field

 

a. Simulated excavation test

b. Field test excavation

1. Ginger tuber 2. Soil particles

3. Soil congestion

4. Digging and shaking device

1 2 3 4

Figure 9    Excavation calibration test
 

Table 10    Comparison of forward resistance
Analog
value/N

Measured
value/N

Relative
error/%

1 1501.29 1458.44 2.94
2 1473.50 1447.81 1.77
3 1320.17 1327.50 0.55
4 1574.40 1406.25 11.96
5 1553.03 1423.44 9.10
6 1468.74 1693.13 13.25
7 1589.54 1391.88 14.20
8 1533.43 1722.81 10.99
9 1486.88 1506.25 1.29
10 1483.79 1551.25 4.35

Mean value 1498.48 1492.88 0.38
Standard
deviation 75.95 128.95

Coefficient of
variation 0.05 0.09
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particle  simulation  model  of  ginger-soil  system  were  verified,
thereby  providing  theoretical  data  support  for  the  subsequent
design. 

4    Discussion
The angle of repose was obtained through stacking test, and the

steepest  climb  test  and  the  Box-Behnken  test  were  conducted  to
derive  calibrated  values  for  the  pertinent  contact  parameters.  The
JKR surface energy between soil particles is slightly smaller relative
to  the  values  between  soil  particles  and  ginger  tubers,  which
indicates that it is more difficult for the soil to detach and adhere to
the tubers during the actual field harvesting process, in line with the
state  of  ginger  tubers  that  have  a  larger  soil  content  during  the
actual harvesting process.

The  compression  test  conducted  on  soil  samples  utilizing  a
universal  tester  provided  critical  parameters  related  to  the  soil’s
behavior. According to the determination of soil water content, the
soil  particle  contact  radius  parameters  were  obtained.  The  soil-
ginger system was modeled by combining the measured parameters.

The modeling process  primarily  accounted for  moisture  as  the
key  factor  influencing  the  adhesion  between  soil  particles,
neglecting  the  impact  of  gas  and  other  factors.  Meanwhile,  the
pertinent  contact  parameters  were  determined  only  for  cotton
ginger, not for other varieties of ginger. The computational accuracy
of the particles can be improved during subsequent simulations. 

5    Conclusions
1) Following the stacking test, the angle of repose for the soil-

ginger  mass  mixture  during  harvest  was  determined  to  be  34.43°.
Through  the  simulation  tests  and  the  control  of  physical  test,  the
finalized soil-ginger tuber JKR surface energy was 3.7 J/m2; the soil-
steel (65 Mn) coefficient of static friction was 0.56, the coefficient
of  rolling  friction  was  0.03,  and  the  coefficient  of  static  friction
was 0.40.

2) Compression tests on soil samples with the aid of a universal
tester yielded soil Zone I - the Bonded Disk Radius was measured at
6.08 mm, accompanied by a Critical Normal Stress of 0.28 MPa, a
Critical Shear Stress of 0.12 MPa, Normal Stiffness per unit area at
2.856×107  N/m3,  and  Shear  Stiffness  per  unit  area  at  1.304×
107  N/m3;  Zone  II  -  the  Bonded  Disk  Radius  was  found  to  be
6.13  mm,  with  a  Critical  Normal  Stress  of  0.09  MPa,  a  Critical
Shear  Stress  of  0.01  MPa,  Normal  Stiffness  per  unit  area  of
2.78×107 N/m3, and Shear Stiffness per unit area of 6.557×106 N/m3;
Zone  III-the  Bonded  Disk  Radius  was  measured  at  5.87  mm,
accompanied  by  a  Critical  Normal  Stress  of  0.053  MPa,  a  Critical
Shear  Stress  of  0.008  MPa,  Normal  Stiffness  per  unit  area  at
1.639×107 N/m3, and Shear Stiffness per unit area at 5.315×106 N/m3.

3) Comparing the simulated and experimental values of ginger
field  compactness,  both  of  them  increased  with  increasing  depth,
with  a  maximum  error  of  7.95%.  The  error  between  the  forward
resistance  of  the  field  digging  operation  and  the  simulation
calculation  was  about  14.20%,  which  was  small  and  mainly
originates from the complexity of the harvesting environment. This
proves  the  accuracy  and  reliability  of  the  modeling,  and  provides
support  for  the  subsequent  motion  analysis  of  the  digging
components  for  ginger  harvesting.  This  proves  the  accuracy  and
reliability of the modeling, and provides support for the subsequent
motion analysis of the excavation components for ginger harvesting. 
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