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Abstract

Mari, I. A., Shaikh, S. A., Chandio, F. A., Arslan, Ch., Ahmad, F. & Ji, Ch. (2023). Discrete Element Method (DEM)
simulation of three-dimensional forces of full-scale mouldboard plow on paddy soil. Bulg. J. Agric. Sci., 29(5),
833-840

Discrete element modelling (DEM) is widely regarded as one of the most effective methods for simulating the soil-to-tool
interaction. Discrete element simulations were carried out to evaluate the performance of mouldboard plough in paddy soil.
The Hertz-Mindlin bonding contact model was applied to develop the bonding between soil particles. Maximum soil draught
force (3.64 N) was obtained at 15 cm depth. The force decreased from 1.98 to 1.10 N as the depth decreased from 10 cm to 5
cm. From the results, the DEM have the potential to predict cutting forces of mouldboard plough in all direction draught, ver-
tical and side (Fx, Fy and Fz. A linear relationship was observed throughout the simulation process between working depths. It

is concluded that the EDEM model has the potential to serve as a reliable tool for determining the soil-tool interaction
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Introduction

In Agriculture, the tillage operation is important as it in-
volves the movement of soil particles which are affected by
the drought forces governed by the soil type (Keshavarzpour,
2012; Okayasu et al., 2012; Rashidi et al., 2013; Tanaka et
al., 2000). One of the most common tillage implements is
the mouldboard plough, used to invert the soil, loosen, and
aerate the soil that finally develops the good seedbed (Saun-
ders, 2002; Van der Linde, 2007). Although many other im-
plements exist, the mouldboard plough is preferred due to
its better soil inverting ability. The soil inverting operation

is to be completed quickly to make it economical by mov-
ing mouldboard plough at higher speeds, decreasing the soil
inverting efficiency and increasing the draught forces (Uc-
gul et al., 2017a). As a result, a detailed analysis of the soil
and draught forces is required. Though such efforts were
made previously by using field trials under various condi-
tions like changing the soil type, soil moisture, tillage depth
and forward speed (Arvidsson & Keller, 2011; Desbiolles
et al., 1997; Li et al., 2007; Mari et al., 2015; Saunders,
2002). These trials provided practical information but were
time-consuming, laborious, and costly. Still, the information
collected through such trials is not enough that the manufac-



834 Irshad Ali Mari, Sher Ali Shaikh, Farman Ali Chandio, Chaudhry Arslan, Fiaz Ahmad and Changying Ji

turers can use for redesigning the plow. So, the best option is
to simulate the soil-tillage interaction that can provide bet-
ter information, especially by applying the various design
amendments in the simulated environment.

Although some analytical and numerical continuum
methods can be employed, each has its limitation. Due to
their quasi-static assumptions, analytical models can only
explore the shape of the soil failure boundaries. The move-
ment and the final position of the soil are not predicted (God-
win et al., 2007; McKyes, 1985) or empirical (Karmakar et
al., 2009; Konstankiewicz & Zdunek, 2001; Pytka, 2001; R.
Zhang et al., 2009; Zhang & Kushwaha, 1999). Similarly,
empirical models provide practical information; multiple
measurements for all situations are very difficult, and extrap-
olation of the results to all field conditions is most uncertain
(Raji, 1999). Although a good force prediction can be ob-
tained using numerical continuum models, the assumption
of continuity is not always valid. Hence the change in soil
structure and soil translocation (between the tool and soil)
cannot be predicted accurately using numerical continuum
methods (Asaf et al., 2007).

To overcome the shortcomings of empirical, analytical
and continuum numerical methods, a new method is the dis-
crete element method (DEM). DEM is a discrete numerical
method and has already been used to model soil-tool in-
teractions (Asaf et al., 2007; Barr et al., 2020; Tsuji et al.,
2012; Ucgul et al., 2017b). DEM is based on modelling the
individual contacts (physical interactions) between particles
where many particles are used to represent a soil bulk as soil
media consists of many small particles. The main limitation
of DEM when modelling soil is the number of contacts be-
tween the particles hence enormous computation time. In the
past, computer technology was not suitable for this approach
to be considered. Still, with the recent rapid development of
software and hardware technology, DEM is now suitable to
model granular materials such as soils.

This DEM provides design information on bulk solid
material flow behaviour that is very difficult to get via nor-
mal test methods or other engineering simulation methods.
EDEM software has been used worldwide in many fields
such as agricultural mechanization, civil and geotechnical
engineering, tillage tools, granular flow analysis, etc. (Shmu-
levich, 2010; Shmulevich et al., 2007) Have carefully re-
viewed soil-tillage tools interaction phenomena by two and
three-dimensional DEM analyses and further demonstrated
the realistic soil-tillage 3D simulation results. However, un-
til now, few researchers focused on real tillage implements
using EDEM to investigate the forces interacting between
the soil and tool. However, little information is available on
the soil resistance, deforming and draught forces on tillage

tools in three dimensions (3-D). This will lead to more ac-
curate prediction models, though they must be related to the
actual field conditions (Asaf et al., 2003, 2007; Jayasuriya &
Salokhe, 2001).

Considering the facts, the study was designed to physi-
cally test the mouldboard plough under various soil-tool en-
vironments and results were used to simulate artificial soil-
tool environments using EDEM.

Material and Methods

Soil Bin Experiment

Soil Test experiments were conducted at the Soil Me-
chanics Laboratory, Department of Agricultural Mechaniza-
tion, College of Engineering, Nanjing Agricultural Universi-
ty, China. The soil in the soil bin was classified based on the
international soil textural triangle as silt 93 clay loam having
Silt (>0.002 -0.2mm) 47%, Clay (<0.002 mm) 42%, sand
(>0.2 mm) (Mari et al., 2015). The average soil plastic index
was 20.6%, the average soil plastic limit was 26.7%, and the
average soil liquid limit was 47.3% for experiment ILE-435
model of mouldboard plow power equipped with soil bin.
The soil bin was 6 m long, 2 m wide and 0.75 m in height.
A 7.5 kW electric motor with variable speeds was used to
move the plow carriage (Figure 1). Three different depths, 5,
10 and 15 c¢m, were used.

Fig. 1. Soil bin with three different depths of soil

Measurement of 3-Dimensional Draught Forces

The 3-dimensional soil forces were measured on
the mouldboard plow for different working parameters.
Three-dimensional (3D) extended octagonal ring transduc-
ers were designed to measure draught forces, similar to
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which researchers implemented (Al-Suhaibani et al., 2010;
Godwin et al., 2007; Godwin & O’dogherty, 2007; McK-
YES, 1978; O’Callaghan & McCoy, 1965; Saunders et al.,
2000). Figure 2 shows the schematic view of the mouldboard
plow and 3-D sensors connected with a steel rod. The 3-D
sensors were calibrated with known force before use, and the
regression of its voltage output was analyzed for constants.
Further, a LabView (National Instruments v 8.2) was used to
read these constants.

an . bemal thread
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'

Fig. 2. Schematic view of 3-D sensors, Loadcell attached
with plow and working condition in soil bin
(Mari et al., 2015)

DEM contact model parameters

The CAD geometry of the mouldboard plow was creat-
ed in PTC Creo (Pro E V 4.0) and then exported to Initial
Graphics Exchange Specification (IGES) file type. Then, this
IGES geometry was imported in EDEM 2.6 (Altair Engi-
neering Inc.). The operating conditions 3 depths were sim-
ulated to paddy field conditions, and draught (Fx), vertical
(Fy) and side force (Fz) were assessed.

The simulation work was performed on a desktop com-
puter with having CPU of 2.2 GHz and 4 GB RAM capaci-
ty. Hertz Mindlin contact model achieved the soil moisture
and cohesive particle bonding requirements with bonding.
The parameters for simulation were chosen based on the
limitations of the Hertz-Mindlin contact model with PBM,
as indicated by (DEM Solutions, 2014). The contact model
for DEM simulations was Hertz Mindlin with PCBM. The
parallel bond contact model (PBCM) is frequently used in
this category, and it has been used in DEM modelling of

cohesive soil-tool interaction investigations by researchers
(Chen et al., 2013; Sadek et al., 2011; Tamas & Jori, 2010;
Zhang et al., 2008; Zhang & Li, 2006) (Figure 3 a-c). The
virtual soil bin was created in EDEM software with the same
size as the experimental soil bin. Since a substantial number
of particles were needed to fill the virtual soil bin, as well
as the simulation period, was limited to 3-4 hours, a single
sphere particle size of 8-10 mm was used in this research,
while some studies also used this particle size (Ahmad et al.,
2020; Chen et al., 2013; Mak et al., 2012; Ucgul et al., 2014).
Table 1 shows the DEM parameters used in the simulation,
and Table 2 shows the PBCM parameters.

Altair EDEM”

Altair EDEM”

Altair EDEM”

Fig. 3. (a) Mesh view of mouldboard plow (b) Mesh
view of virtual soil bin (¢) Virtual soil bin filled with
soil particles
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Table 1. DEM Parameter Used in simulation

Parameters Soil Steel
Poisson’s Ratio 0.25 0.3
Shear Modulus (Pa) le+06Pa le+10Pa
Particle density (kg/m®) 1560 7850
Coefficient of Restitution 0.3 0.7
Coefficient of Static Friction 0.63 0.2
Coefficient of Rolling Friction 0.03 0.01
No. of soil particles 50000

Particle size distribution 8-10 mm

Particle Shape Single sphere

Table. 2. Parallel bond contact model parameters

Parameters Values
Normal stiffness (Pa) 5% 107
Shear stiffness (Pa) 5% 107
Normal strength (Pa) 3 x10°
Shear strength (Pa) 3 x10°

Theory of contact model

The Hertz-Mindlin with Bonding contact model can
be used to bond particles with a finite-sized “glue” bond.
This bond can resist tangential and normal movement up to
the maximum normal and tangential shear stress until the
bond has broken. After that, the particles interact with hard
spheres. Through this assumption, normal and tangential
forces were calculated separately, and the superposition of
the forces obtained the total effect. The schematically gener-
al force model is shown in Figure 4.

E
tangential
Particle stiffness (spring)

Damping

Friction coefficient

ZB, local
Particle B

Particle A
XB, local

YB, local

‘A local

F
normal

Fig. 4. Contact model for DEM simulations
in the normal, Extension of Hertz-Model by
(Cundall & Strack, 1979)

Hertz imposed a simple model consisting of two terms,
including the effect of damping. Various researchers have
added different terms to the Hertz model, including damp-

ing (Potyondy & Cundall, 2004; Shmulevich et al., 2007).
Before this, the particles interact through the standard
Hertz-Mindlin contact model. After bonding, the forces
(Fn,t)/torques (Tn,t) on the particle are set to zero. They
are adjusted incrementally every time step according to the
following equations (Cundall & Strack, 1979).

OF =-—v § Adt
OF =—v S Adt
oT =-w S.Jot
J
0T =—w S —dt
t w/ n 2
where:

F = Normal force;

F, = Tangential forces;

v = Velocity;

T = Initial time;

S = Normal Stiffness;

S = tangential stiffness;

v, = Distance;

T, = Collision time;

T = torque;

J = polar moment of inertia.

The formula usually used for finding the contact area of
the bond,

A=nR, =g R,

—F 2T
n + t R
max A J B

t ismaximumand ¢, _is normal shear stress. Accord-
ing to Coulomb’s friction law, tangential forces are related
to the normal forces. Both static and dynamic friction ex-
ists simultaneously during contact. During the contact of
two convex particles, the normal force increases from the
outer part of the contact area toward the center. This time,
dynamic friction occurs in the outer parts of the contact
area where the forces are small, and static friction occurs
towards the center of the contact area, where larger forces
are present.
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Results and Discussions

The 3-Dimensional forces of the mouldboard plow on
paddy soil are quantified qualitatively by considering the
parallel bonds between soil particles. Figure 5 shows the
plowing movement at different depths, increasing the plow
depth (5, 10 and 15 cm). the striking more soil particles on
the surface of the mouldboard is shown in Figure 5 (c). In
contrast, at 5 cm depth, a less striking rate was observed than
the depth of 10 and 15 cm. Topsoil particles were displaced
rightward, and the lower portion of soil had not turned over
the soil surface under the paddy soil condition (Ahmad et
al., 2020; Barr et al., 2018). However, parallel bond soil tool
interaction parameters need more attention to examine real-
istic analysis.

Time: 10.2001 s

A

Time: 10.2001 s

Time: 10.2001 s

C

Altair EDEM"

Fig. 5. The discrete element model developed
using EDEM: (@) 5 ¢cm depth, (b) 10 cm depth and
(c) mouldboard at 15 cm depth

Draught, vertical and side Force of Mouldboard Plow

A DEM model was used to interact moldboard plow
with soil. EDEM calculated the real-time dynamic change
in 3-Dimensions. Figure 6 to 8 shows the results of simula-
tion for the draught force (Fx), vertical force (Fy) and side
force (Fz) of mouldboard plow on paddy soil, at three soil
depths 5, 10 and 15 cm respectively. The result indicated
a linear relationship between working depth and draught
force. The maximum draught force was obtained at a 15 cm
depth. Similarly, the minimum was at 5 cm depth. The ten-
dency shows that the draught forces increase to the depth as
a higher draught force is on higher depth. A similar trend of
draught force was shown by (Bo et al., 2014; Bravo et al.,
2012; C. Li et al., 2010; Obermayr et al., 2011). Moreover,
the minimum average soil vertical (Fy) force was found at
0.447 kN (Figure 7), while the highest side force (Fz) was
0.366 kN (Figure 8) because of changing operational con-
ditions. When the tillage tool (moldboard plow) was hitting
the wall, the draught, vertical and side forces increased sud-
denly, which is shown in Figures 6 to 8 because of the high
speed. The results were agreed upon by (Ahmad et al., 2020;
Mari et al., 2015; Okayasu et al., 2012).

2.0 4

1.8 4
—=—R1

1.6 4 +— R2
——R3

0.0 T T T
d1 d2 d3

Depth

Fig. 6. Draught force (Fx) of simulation of the mould-
board plow at three different depths (5, 10, 15 ¢cm) with
three replications

Comparison of Experimental and Simulated Force on
Mouldboard Plow

A comparative analysis of 3-dimensional forces of mould-
board plow experimental and simulated results are present-
ed in Figures 9-11. A similar trend of variation in forces in
all directions under different working depths was observed.
The developed model calculated the vertical and side forces
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Fig. 7. Vertical force (Fy) of simulation of the mould-
board plow at three different depths (5, 10, 15 cm) with
three replications
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Fig. 8. Vertical force (Fy) of simulation of the mould-
board plow at three different depths (5, 10, 15 cm) with
three replications

near the experimental results. But there is a little gap between
simulated draught force and experimental draught force be-
cause of some limitations in the simulation process (parti-
cle parameters, bond parameters, and time requirements for
simulation). Particle size and its bonding conditions (model)
with other particles affect the particle velocity, bond strength
and compressive forces on the tool’s geometry in a broader
sense. The results agree with contemporary studies describing
the soil tool interaction using the discrete element simulation
for various soil engaging tools (Bravo et al., 2012; Chandio,
2013; Saunders et al., 2021; Shaikh et al., 2021). Ucgul (Uc-
gul et al., 2017a) also, being subjected to the particle contact
model significantly influenced the quality of the results and
finally because the capacity of the computer affected the simu-

lation time and thus forced to choose the improper parameter.
Therefore, this forced further research to determine the opti-
mum soil particle parameters under high moisture content in
the paddy soil.
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Fig. 9. Experimental and simulated Horizontal (Fx)
forces on moldboard plow at three different depths
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Fig. 10. Experimental and simulated Vertical (Fy) forces
on moldboard plow at three different depths
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Fig. 11. Experimental and simulated Side (Fz) forces on
moldboard plow at three different depths
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As a result, it appears that, among other factors, the
bigger particle size (8-10 mm) is a major contributor to the
significant gap between measured and simulated results. By
increasing computer power, the particle size could be mini-
mized, resulting in a reduction in simulation time for each
attempt. However, the results of side force (Fz) at speeds
show that DEM modelling with EDEM software can accu-
rately simulate the operation of a full-scale moldboard plow
on paddy soil.

Conclusions

This study aimed to develop a method to assess the dis-
crete element model with soil tool-interaction in a particular
soil. The EDEM software with the Hertz Mindlin contacts
model was developed for simulation. The experimental and
simulated results were compared under three depths. The re-
sults showed the linear relationship between soil depth over
force. The maximum force was obtained at 15 cm.

Further measured and simulated results revealed that
drought (Fx), vertical (Fy) and side (Fz) forces obtained the
same trend. It was found that the DEM model can serve as
a reliable tool for determining the soil-tool interaction. It is
further concluded that due to some limitations in the mod-
el, further studies could be conducted on various types of
soil, soil properties, full dynamics cases and various model
parameters to determine the soil disturbance and failure pat-
tern.
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