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ABSTRACT

In order to investigate the soil reactions influenced by the single plate with the inclination angles from 0° to
75°, an in-house code of 2D DEM has been developed in this study. An iron flat plate penetrated soil by a
constant velocity of 1 mm/s in the study. In the penetration test, the maximum vertical force was 753.8 N which
was generated by the 0° plate. In addition, it was found that the less the inclination angle, the greater the
vertical force. Furthermore, a greater force in the horizontal direction has been generated at 45° of the
inclination angle. This research can provide a theoretical reference for optimizing tools that contact soil, for
example, patterns/lugs on wheels, earthmoving blades (such as rotary cultivators, bulldozers, weeding
machines etc.) and grouser of tracks.
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INTRODUCTION

When machines operate under water flow or other weak soil conditions, the running gear needs to
produce greater traction, by using lugged wheels, for example (Holthusen et al., 2018; Md-Tahir et al., 2019;
Rasool et al., 2018). Meanwhile, those soil conditions, such as the tiller machine in paddy fields, demand
machines with a smaller earth contact pressure (Tian et al., 2021; Jiang et al., 2021). Since it is a fundamental
problem in the field of terramechanics, research on the influence of lugs or plates on soil reaction forces has
always attracted the attention of researchers (Wong, 2010; Zhu et al., 2023; Ravula et al., 2021).

Initially, as described by Gill & Vanden Berg (1968) in their book, Soil Dynamics in Tillage and Traction,
in reaction analysis, the soil was regarded as an isotropic and homogeneous material. The main experimental
method for examining the different soil conditions is the soil bin test, and researchers have achieved excellent
results when using this method (Wong, 2001; Wei et al., 2022; Stefanow & Dudziriski, 2021).

In the Asian region, the water fields have a wide range of soil conditions because of water contents and
region differences. Number of studies have been carried out on the interaction between machinery/tools and
paddy soil, such as the running gear of rice transplanter/tiller and soil interaction system (Jia et al., 2016;
Nassiraei et al., 2020). Wang et al. (1993, 1995) conducted two sets of the wider-spaced lugs of the lugged
wheel on the cutting resistance of the metal surface in the wheel—soil interaction system. However, they used
the fixed lug-wheel, and, therefore, there was no mention of the effect of changes in the inclination angle.
Hermawan et al. (1996, 1997 & 1998) implemented a series of experiments to investigate the effect of angle
changes on single movable lugs, movable lug wheels, and fixed lug wheels under wet loam soil conditions.
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However, given the disregard of the effect of lug spacing in those studies, Watyotha et al. (2001) investigated
the effect of circumferential angle, lug spacing, and wheel slip on forces produced by a cage wheel in a
laboratory soil bin, which was filled with a high-moisture-content Bangkok clay soil. They found that changes
in the circumferential angle may significantly affect the lateral force, whereas the smallest change or the largest
average lug force is generated by the 20° lug spacing. Besides the conventional methods, in consideration of
the efficiency and repeatability of the soil test, computer-aided methods have gradually been widely adopted
(Wong, 2001; Zhang et al., 2020).

Initially, the FEM was used to investigate the tool/tire-soil interaction system. Abo-Elnor et al., (2004),
investigated the soil-blade interaction with sandy soil using 3D FEM. The cutting forces were found to be
significantly affected by factors such as blade-cutting width, lateral boundary width, and soil swelling. Until
present, the FEM is still used to do concerning research on the items as the soil-blade interaction (Arefi et al.,
2022). The discrete/distinct element method (DEM) was proposed by Cundall et al. (1979). From then on, it
has been used to investigate the tool/tire-soil interaction system, especially the soil under the condition of a
low moisture content (Ucgull & Saunders, 2020). Furthermore, some situations that are practically difficult to
achieve in reality, such as the continuous movement of soil particles under tires/tools, can be easily
investigated by DEM (Nakanishi et al., 2020; Ravula et al., 2021; Jiang et al., 2017). Researchers also utilized
the DEM to study the plate/blade-soil interaction system. For example, Tsuji et al., (2012), conducted research
on the soil-pushing behavior of a bulldozer blade using a 3D DEM simulation. The result indicated that the size
of the cohesive bond force significantly affected the behavior of the particles. However, there are few
researchers focused on the effects of the plate inclination angle on soil action and force, though some
researchers have conducted soil experiments on the impact of the plate/blade inclination angle. Yang et al.,
(2014), carried out an experiment that focused on the change of the plate under different inclination angles
and movement directions. Base on the aforementioned and previous research (Ge et al., 2019), the purpose
is to investigate the effects of the plate inclination angle, from 0° to 75°, on soil reaction forces using the two-
dimensional (2D) DEM approach in this study.

A non-cohesive soil DEM model and a 5 x 77 x 100 mm plate have been used for this study. The
simulation consisted of two parts: calibrate and determine the parameters and moduli for soil particles; and the
plate penetrating the soil at a certain depth with different inclined plates.

MATERIALS AND METHODS

First, a soil model should be established, as it is the foundation of the DEM simulation. An in-house 2D
DEM code has been developed with a plate-soil system. As a 2D DEM was used in this study, the particles
were treated as circular rigid bodies. The study aimed to understand the effect of the plate inclination angle,
and the soil model was treated as a linear contact model. To calibrate the soil model, a penetration experiment
needed to be performed first.
Soil-soil band

Contact detection is a prerequisite for the calculation of interaction forces between elements (Zang &
Zhao, 2013). As mentioned in INTRODUCTION, non-cohesive soil was used in this study. These soil particles
were piled up layer by layer and were aggregated to form a compound test soil (Horabik & Molenda, 2016).

For DEM simulation, the macro-scale forces are determined by the microscopic relationship between
particles. In this study, every soil particle was regarded as a rigid solid, and the algorithm could be illustrated
by an elastoplastic system consisting of spring and damping, as shown in Fig. 1.

1 C .
. S 1 Removed

< when sliding

a) b)

Fig. 1 — Contact model for particles in 2D-DEM
(a) — in normal direction, (b) — in tangential direction
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On the basis of the model shown in Fig. 1, it can be seen that the force between particles i and j was
divided into two directions: the normal direction and the tangential direction. If the force on particle i in the
normal direction is represented by Fn_i and the force of the same particle in the tangential direction is
represented by Fs i, Fn_i and Fs i can be calculated by Equations (1) and (2), as follows:

Fn i = Kn_ijlinij + Cn_ijVn_ij (1)
where:

Cn_ij and Kn_jj are the coefficients of damping and elasticity in the normal direction, respectively. The
parameter un_jj is the relative displacement of particles i to j in the normal direction, which is illustrated in Fig.
2, and the parameter vn_jj is the relative velocity of particles in the normal direction.

= {Ksij (Axpre + Ax) + Cs_ijvs_ij (ﬁs < .ufn)
s —
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where:

Cs jj and Ks_jjare the coefficients of damping and elasticity in the tangential direction, respectively. AXpre
is the displacement from the previous step, and AX is the displacement from the previous step to the present
step, which is illustrated in Fig. 2. The parameter of Vvsij is the relative velocity from the previous step to the
present step. Equation (2) contains a judgment between fs and ufn. 1 is the frictional modulus between patrticles
i and j, and the normal force f is calculated by Equation (3). fs is the initial time force, which can be expressed
by Equation (4), as follows:

fu = Kn_ijlinij 3
fs = 2 + K ijAx “)
where: f; is the force at the previous step.

Fig. 2 — The position (displacement) changes in the normal and tangential directions

In Fig. 2, it can be seen that a global coordinate system X-y and a relative coordinate system Us-Un have
been established to calculate the banding force and moment between particles i and j. In addition, particles i
and j have an angular velocity of wi and wj, respectively. On the basis of these, there should be a rolling
resistance moment Mijj between the two particles. Specifically, in this study, the parameter Mjj was obtained
by Equation (5), as follows:

M;; = —abf, (5)
where: fn is the same parameter as that shown in Equation (3), and « is a constant coefficient of the resistance
moment. Parameter b is half the contact length at the overlap between the two particles. If there is an arbitrary
element k, the motions of this element should be governed by Newton's second law for the 2D DEM algorithm,
as expressed in Equation (6):

7, = F
Ui =, ©
where:
mk and Ik are the mass and the inertia moment of element k, respectively. vk and w« are the velocity and
the angular velocity of element k, respectively. Parameter Fk represents the resultant force on element k;

meanwhile, the resultant moment on element K is represented by Mkx.
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Soil-plate interaction

The plate had a rectangular shape, which consisted of circular shapes, as shown in Fig. 3.

Soil particles are checked to see whether they were in contact with the plate or not. If contact is
detected, the interaction relationship and mechanical algorithm are the same as those introduced in last
section. If a total number of nn particles were in contact with the plate, the force acting on the plate could be
calculated and expressed as follows:

E =Y0"F* (x — axis)
= )
In Equation (7):
Fx and Fy are the respective force components on the plate in the direction of the x-axis and the y-axis.
F*and F’ represent the component force on a single element when in contact with the plate.

e
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Fig. 3 — Description of the iron plate in the 2D-DEM Fig. 4 — Movement of the plate in the soil bin

Experiment and parameter determination

Generally, there are two methods for calibrating the parameters of the DEM soil model: the first method
is to repeat the tests on numerous occasions, and after every test, compare the results and check whether
they are close to the results of either the in situ measurements or the laboratory experiments; the second
method directly determines the input parameters to be equal to the soil test results (Coetzee, 2019). In this
study, the first method was utilized.

(b)

Fig. 5 — Soil particles have been packed in the soil bin:
a) - The soil particles are randomly distributed initially; b) - The particles were settled after a free-falling process

Table 1
Soil parameters in DEM test 4
ltems Value Unit
Particle number 14,973
Particle density 2,600 kg/m3
Diameters of particles 15;25;35 mm
Frictional modulus 0.48

Elastic modulus Kn, Ks 50,000, 12,500 N/m
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Fig. 6 — A series of DEM trial tests compared with the laboratory experiment

Before conducting the simulation test, a laboratory experiment of penetration testing was performed.
The plate, with dimensions of 5 x 77 x 100 mm (thickness x width x length), was set horizontally above the
soil surface in the soil bin. The results of the experiment are shown in Fig. 6. In the simulation, according to
the established particle—particle bonding rules, a total of 14,973 soil elements were deposited in a soil bin that
was 1 m in length, 1 m in height, and 0.3 m in width, as shown in Fig. 5. As a plate with an inclination angle of
0° was used for calibration, the plate was set just above the position of the highest soil particles. After a series
of simulation tests, the reaction force results were plotted on a graph, as shown in Fig. 6.

Based on Fig. 6, DEM test 4 matches the laboratory results. The maximum value of the reaction force
was 964.87 N in the laboratory experimental test, and it was 873.0 N in DEM test 4. Moreover, the increasing
slopes were also similar to each other, DEM test 4 was still considered to be close enough to the laboratory
results. Therefore, the soil model with the equivalent parameters of DEM test 4, as shown in Table 1, were
used for the planned DEM tests.

RESULTS

A plate with dimensions of 77 x 100 x 5 mm was determined for the DEM tests. After the soil model
was calibrated, the plates with 0°, 15°, 30°, 45°, 60° and 75° inclination angles were used for the experiments.
The results of the DEM experiments are shown in Fig. 7.

Fig. 7 shows the stress distribution of soil disturbed by plates at different inclination angles during soil
penetration at a depth of 1200 mm. This demonstrates that the soil reacted to the plate penetration, and when
the inclination angle was changed, the soil reacted differently. When the inclination angle changed from 0° to
75°, the forces exerted on the plate were recorded, and the relationship between the forces and the penetration
depth is shown in Fig. 8a and Fig. 8b.

/5 a). 0° inclined plate b). 15° inclined plate ¢€).30° inclined plate

0.0 : : : ; :
Fig. 7 — Plates with various inclination angles penetrated into the soil at a depth of 200 mm
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Fig. 8 — Relationship between the forces exerted on the plates and the penetration depth:
(@) -inthe horizontal direction, (b) - in the vertical direction

In Fig. 4, it can be seen that the x-axis was in the horizontal direction and the y-axis was in the vertical
direction. As shown in Fig. 8a, the horizontal force components of the plates with inclination angles of 0° and
90° have a similar trend with an increasing penetration depth, and their values are close to 0 N. The remaining
plates, with inclination angles at 15°, 30°, 45°, 60°, and 75°, are similar to those with angles of 0° and 90° when
the penetration depth was < 25 mm. However, if the depth was >25 mm, the horizontal force components at
inclination angles of 15° and 30° decreased with an increase in penetration depth, until a depth of
approximately 50 mm, and then, they almost kept at 70 and 110 N, respectively, until the plate ceased. In
contrast, the plates with inclination angles of 45°, 60°, and 75° decreased almost proportionally to an increase
in the penetration depth above 25 mm. The minimum value of the force, -187.6 N, could be achieved using a
45° inclination plate at a depth of 86.6 mm.

Unlike Fig. 8a, Fig. 8b shows that the vertical force components of different inclination plates separated
from each other. In addition, the greater the inclination angle, the lower the force value. Except for the 0° plate,
under a certain slope rate, the force component of all the plates increased with an increase in penetration
depth. In the case of the 0° plate, the force component increased rapidly at a depth of under 25 mm and then
increased only gradually with a subsequent increase in depth. The maximum value of the force component
was 753.8 N at a depth of 200 mm.

During the penetration process, the relationship between the soil reaction force and the inclination
angle has been plotted on a graph, as shown in Fig. 9.
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Fig. 9 — The relationship of forces and inclination angle
(&) - inthe horizontal direction, (b) - in the vertical direction

It can be seen from Fig. 9 that depths of 35, 70, and 100 mm were studied. The figure shows that a
change in the inclination angle has a limited effect on the horizontal force component at a depth of 35 mm.
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However, if the depths are at 70 or 100 mm, the relationship between the force and the change in
depth is similar to a parabolic curve, and the minimum value of the force occurs, in both cases, at an inclination
angle of 45°. However, according to Fig. 9b, the vertical force components have a close relationship with
changes in the inclination angle. At all depth levels, the perpendicular plate produced the lowest soil reaction
force. It can also be seen that a plate with an inclination angle that is perpendicular to the soil surface produces
a lower resistance force, as shown in Figs 8 and 9.

CONCLUSIONS

In this study, a non-cohesive DEM soil model was used, calibrated by laboratory penetration
experiments. Using this soil model and a plate with dimensions of 5 x 77 x 100 mm, the effects of changes to
the inclination angle on the forces generated during a penetration test were investigated. Based on the results
of the DEM simulation and the discussion introduced in section 3, the following concluding remarks can be
made:

(1) The 2D DEM method is sufficient to meet the research needs for investigating the soil reaction forces,
which are affected by changing inclination angles. The whole process has been successfully carried
out in this study.

(2) During the penetration process, the maximum value of the vertical force component was 753.8 N,
which was generated by a 0° inclination angle plate at a depth of 100 mm, at which point the
penetration test was stopped. It was found that the greater the inclination angle, the greater the
vertical force.

(3) For the movement of a bulldozer blade, the vertical angle should be maintained to minimize
resistance. If the lugs on the tire/track are considered, the inclination angle should be closer to 45°
to generate a greater traction force.
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