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ABSTRACT

Over the past decades, scientists have studied tillage and soil processing technologies based on the
classical shapes of agricultural tools. Numerous studies highlight the importance of agricultural tool
longevity in relation to abrasive wear resistance and draught force values. However, these studies are
typically limited to the most common shapes and types of tools. This paper combines the insights
gained from the marine industry's experience in the design of ship's bulbous bows with the challenges
of designing soil rippers for agricultural machinery. New shape elements were developed based on the
delta, oval, and nabla types of bulbous bows used in ships. Thirteen types of designed elements, along
with the original shape, were tested virtually using the Discrete Element Method (DEM). The 3D-printed
samples were then tested in a sand bin to measure draught force. DEM simulation parameters were
validated by measuring the Static Angle of Repose (SAOR) of sand. The results of this study demonstrate
that applying a bulbous bow-inspired shape to the soil ripper can reduce draught force by 7.1 %;
however, in some cases, it can also increase the force by 4.1 % compared to the original shape. The values
are giving statistically significant differences between the experimental measurements. To fully evaluate
the application of these designed elements, further soil disturbance and wear analysis studies should be

conducted in future research.
© 2025 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

subsoiler with an arc-shape shank (Wang et al., 2023). Even
nanocoatings (such as titanium nitride and tantalum carbide) have

Various techniques and engineering solutions have been
adopted to improve soil processing (Liu et al., 2023; Sang et al.,
2022), seedbed preparation (Gong et al., 2022; Zhang et al,,
2024), reduce draught (tillage) force (Wang et al., 2023) and
ensure soil loosening process (Barr et al., 2018) in agricultural
works. The bio-inspired surfaces (Wang et al., 2019, 2020), coat-
ings or tools (Guan et al., 2022; Sun et al., 2020) can suggest sig-
nificant differences in soil processing changes and uses, especially
the reduction of draught force. A bionic prototype taken from bear
(Lietal, 2016), mole (Zhang et al., 2022) or a bodger claw (Xu et al.,
2024) reduced the draught force from 7.8 to 22.4 % compared with

* Corresponding author.
E-mail address: egidijus.katinas@ktu.lt (E. Katinas).

https://doi.org/10.1016/j.partic.2025.09.011

a much lower coefficient of friction and adhesion compared to
other surfaces (Mehrang Marani et al., 2019). By combining two
different scientific fields, newly developed tools can be applied.
Most of the previously mentioned literature sources provide
data based on modelling and laboratory/field experiments. Soil is a
granular, highly specific material that requires extensive knowl-
edge and experimental testing to validate results. The Discrete
Element Method (DEM) completely fulfils soil properties and gives
it to numerical applications. The numerical methods allow short-
ening the design phase during the prototyping, as failures can be
seen during the virtual testing phase. For example, it can help to
analyse soil-tool-crop residue interactions (Adajar et al., 2021;
Zhao et al., 2024) or abrasive wear analysis can be performed by
the DEM to estimate the longevity of soil processing tool (Ge et al.,
2023; Ma et al., 2023; Schramm et al., 2020). Additionally, DEM-
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based semi-autogenous grinding mill (SAG mill) technology (Bao
et al,, 2025; Xie et al, 2022) helps analyse and address the
smoothing of lifter edge shapes due to wear. Saving materials al-
lows reducing greenhouse emissions and climate change, which
are the main directions of the European Union and the World.

The European Union's Green Deal Common Agricultural Policy
(CAP) takes demand on no-tillage technology (Guyomard et al.,
2020). No-tillage technology of sugar beet growing can have the
lowest energy and carbon emission cost (Sarauskis et al., 2018).
This technology is based on agroecological principles, where soil
rotation and disturbance are minimal. There were 98.1 million
hectares of arable land used in the EU in 2020, but only 3.7 % of
arable area was processed by zero tillage technology (Ec.europa.eu,
2024). The statistics show that the no-till has potential. However,
this specific technology requires a specific shape of tooling, where
the soil ripper tool opens the soil and prepares the seedbed.
Furthermore, soil has a high abrasivity which causes large wear
losses.

In most of cases, agricultural tools are wide (from 80 mm and
more) and heavy (2 kg and more), specially reinforced with layer of
hardfacing or tungsten carbide plates (Fig. 1). These re-
inforcements help to reduce abrasive wear and extend the tool's
longevity (Kostencki et al., 2016) but they can also increase energy
costs for soil processing.

During the tilling process the abrasive wear outcome for the
ripper can be 60-120 g ha~! (Bayhan, 2006; Natsis et al., 2008). As
a result of this damage, farmers suffer high downtime during the
season, and economic losses are caused by increased demand for
material, which affects climate change.

The first test of the soil ripper with a pyramid-shape hard alloy
tip (Jankauskas et al., 2014) with a sharp edge, a round shape is
obtained after processing an area of 46 ha. The same soil ripper tip
was used to estimate stress and motion work when finite element
analysis helped to analyse it. For ease of evaluation, the cutting
edge of 3D element (tip) was rounded by a certain radius (Skirkus
et al., 2016), as the cutting edge of the real-shaped tip had a similar
round shape.

According to the previous wear analysis (Katinas et al., 2019)
related to the soil ripper, it was found that at the deepest working
depth, the plate also transforms into the round shape. Sharp
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Fig. 1. Reinforced agricultural tools.
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corners are rounded after 208 km of wear track in the soil (Fig. 2).
The wear intensity depends on the alloy type and the shape of the
ripper element (tool). An alternative to the polygonal surface is the
bulbous bow shape element used in the marine industry (Liu et al.,
2021; Tran et al., 2021).

Knowledge of the marine industry inspired to the design of
bulbous bow for an agriculture tool. Bulb types can be classified
according to three shapes (Hoyle, 1985; Kracht, 1978) (Fig. 3): delta
(A) (the shape of the drop), oval (O) (mass centre in the middle),
and nabla (V) (an upside-down shape of the drop (delta)) type
bulbs.

According to literature, blunt narrow openers with 90° rake
angles can had higher force compared to sharper tools design. It
can be explained that blunt geometry form wider soil wedges and
less streamlined flow, which influences force prediction (Aikins
et al., 2023) but otherwise the flat front surface can suffer higher
pressure concentration at the point of impact forming dense shear
bands. Tool geometry directly affects wear because it influences
the conditions at the interface between the tool and the processed
soil. Parameters such as edge radius, rake angle, and overall shape
determine the distribution of forces, material flow, and the gen-
eration of frictional heat during machining. Sharp geometries
typically concentrate stress at contact points, increasing the like-
lihood of abrasive wear, while blunt or rounded edges can
distribute forces more evenly but increase the contact area, pro-
moting adhesive wear. In addition, certain geometries can influ-
ence chip formation, surface interaction, all of which contribute to
the dominant wear mechanisms. Therefore, even small changes in
tool geometry can result in significant differences in wear rates
and wear patterns.

~20 cm

3 cm|

Fig. 2. Soil ripper with wear resistant hard facings: new and worn (208 km wear
track) (Katinas et al., 2024).
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Fig. 3. Ship bulb types prepared according to Kracht (Kracht, 1978).

The field experiment of a newly designed bulbous bow shape
element will take a long time and require a lot of finance, because
the bulb shaped element may fail due to increased draught force or
low soil disturbance. DEM is a tool that shortens the design process
step to avoid the failure improper bulb shape and simultaneously
measures the draught force to compare results with the original
soil ripper tool element.

In the most of cases, literature introduces particle displacement
and soil disturbance of vertically curved soil processing tools as
subsoilers tines, ploughshares and mouldboards, cultivator tines,
etc. (Bao et al., 2023; Kalacska et al., 2020; Yao et al., 2024; Zhang
et al., 2022), but there is no particle flow analysis of sphere-shaped
tools in agricultural applications. It leads to the space to investi-
gate bulbous bow shaped element analysis in the agriculture.

This study aims to design, simulate, and experimentally vali-
date the bulbous bow elements for a soil ripper tool in a sand bin.
The obtained draught force values allow to compare the simula-
tion results of the discrete element method with the laboratory
test. By considering the force and energy reduction of the designed
elements, the most valuable shape can be selected for future field
experiments to study longevity in real time.

2. Materials and methods
2.1. Bulbous bow design

Elements for the soil ripper have been developed and modified
based on the bulbous bow types mentioned above. These elements
are designed according to the following criteria:

o The width of the element should not be too large compared to
the original shape of the element (35 mm);

e The height of the element should be similar to the original
element (£54 mm).

The size of designed elements should be closer to the original
due to soil processing and disturbance. However, the larger area
(greater width or height) of a larger element increases the draught
force of the tool and energy consumption (Giirsoy et al., 2017; Jiang
et al., 2020). Previous field experiments (Katinas et al., 2019) have
shown that a height of 54 mm for removable elements adequately
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meets maintenance expectations if the elements are lost or
damaged because of contact with the stone. The higher width of
the element is unnecessary because the main part (tine) where the
hard alloy elements are mounted has a width of 20 mm. Likewise,
the increasing of sweep tine width has linear increase of the
draught force (Ucgul et al., 2014). The designed elements are
shown in Fig. 4. These elements are divided into three groups to
maintain the delta, oval and nabla shapes. The dimensions of the
elements are given in Table 1. The designed delta (D1-D3) and
nabla N1-N3 elements are similar in size and shape but nabla
(N1-N3) elements have an inverted shape. The oval O1 and O2 are
identically shaped elements with small edges on the top and
bottom to protect the central part of the ripper. The O3 element
has smaller dimensions than the original and other oval elements.
The 04 element (oval type) is the widest (35 mm) compared to the
oval type of group elements. Elements N4-N6 are slightly different
in dimensions from previous nabla-type elements (N1-N3). These
elements based on delta, oval and nabla shape would assist as an
extra mass or volume reserve for the wear loss during the soil
processing. It will improve the longevity and wear resistance.
The 3D printed samples had high surface irregularities. To
evaluate surface roughness of 3D printed samples were used the
laser scanner Prince 335 Handheld 3D. The scanning accuracy

0.020 mm + 0.08 mm m L

2.2. DEM model

The DEM methodology employed is divided into two phases:
Static Angle of Repose (SAOR) calibration and the virtual sand bin
test. An angle of repose test method was used to calibrate the silica
sand parameters for DEM tests. Subsequently, the sand bin test
was performed to measure the draught force. The setup and pa-
rameters are explained in the following subsections.

2.2.1. SAOR calibration

SAOR is commonly used in engineering and material science to
calibrate the parameters of granular material in numerical models
(Nouh et al., 2024; Xu et al., 2023). SAOR represents the steepest
slope of unconfined material, measured from the horizontal plane,
on which the material can be stacked without collapsing
(Makange, Ji, & Torotwa, 2020; Xie et al., 2022).

Silica sand was used as the granular material in this study. A
cylindrical tube (inner diameter: 100 mm) was placed on a hori-
zontal surface, filled with sand, and then raised at a constant speed
(0.00325 m s~ 1), allowing the granular material to form a conical
shape (Fig. 5). The SAOR was measured along the side of the
conical pile. To obtain accurate material parameters for simulation,
the test was carried out in the laboratory and the results were
compared with simulations created using Ansys Rocky software
(Ansys, 2024). A software script helped evaluate the simulated
results. The methodology of SAOR simulation and laboratory
measurement followed the approach described in the literature
(Cernilova et al., 2024; Cernilova et al., 2022), where the SAOR of
rapeseed and sand were measured.

Fig. 6(a) presents the simulation results, where the script shows
the average (black dots) maximum particle height, the dashed
regression lines (black and red) indicate the estimated SAOR, the
light red area represents the maximum height of the particles, and
the dark red region shows the lowest height of the particles in the
conical pile (Ansys, 2024). The SAOR measurement of the labora-
tory study is shown in Fig. 6(b). GeoGebra online software
(geogebra.org) was used to process the pile images taken during
the laboratory SAOR measurement.

The SAOR simulation DEM parameters are described in Table 2.
The SAOR test is mainly influenced by the friction coefficients of
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Delta (A)
type

Fig. 4. Delta, oval and nabla shaped types of elements designed for the soil ripper.

Table 1
Maximum width, height and depth of designed elements (in mm).
Designed element Width Height Depth Element
Original 30 54 12 —_—
Delta D1 29 56 15
D2 30 56 15
D3 35 58 18
Oval 01 32 47 23 Height
02 32 47 23
03 26 46 13
04 35 54 17
Nabla N1 29 56 15 L J A
2 . E
N4 29 56 18
N5 30 56 15
N6 35 54 18

sand-sand and rolling friction (Roessler & Katterfeld, 2016). Ac-
cording to researchers (Just et al., 2013; Nouh et al., 2024), the
angle of repose is more influenced by static friction than by rolling
resistance. The laboratory SAOR study showed a SAOR of
29.73 + 0.18° (Fig. 6(b)), while the DEM simulation gave results of
29.6 + 0.08° (Fig. 6(a)). These results were obtained when the
coefficients of static and dynamic friction were 0.7 and 0.6,
respectively, and the coefficient of rolling resistance was 0.14
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(Table 2). These calibrated coefficients were used for further
simulations in the virtual sand bin experiment.

2.2.2. Virtual sand bin test

The size of virtual sand bin is 0.5 x 1.5 x 0.25 m, filled with a
spherical particle with a diameter of 0.005 m (Fig. 7). The working
depth of tool was 0.1 m, and working speed was 0.1 m s~ The
simulation time was 11 s (travel distance 1.1 m), with a time step of



E. Katinas, R. Bendikiené, A. Ciuplys et al.

Sand
particles

——
X (m)
0

Particle Y coordinate (m) [ T

Particuology 106 (2025) 291-304

0
X (m)
0.035

Fig. 5. Simulation of the static angle of repose (SAOR) test.
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Fig. 6. Static angle of repose verification: (a) simulation, (b) laboratory test.

0.01 s for saving data. The sample (bulbous bow element) mesh
was created by the ANSYS Workbench platform using nonlinear
mechanical physics preference with a mesh of 3 mm and a holder
(shank) of10 mm. DEM simulation parameters and interaction
properties based on the study of Kure et al. (2021) described in
Table 2. The normal force was described as a hysteretic linear
spring, and the tangential force was Coulomb limit models of the
linear spring.

The hysteretic linear spring model presented by Walton and
Braun (1986) is an elastic-plastic (repulsive and dissipative)
normal contact model. This enables the simulation of plastic en-
ergy dissipation during contact, avoiding the computational cost
associated with longer simulation times. Furthermore, since there

295

is no viscous damping term in the model, the energy dissipation
remains independent of the relative velocities between neigh-
bouring particles, ensuring that it is not affected by other contacts.
Another notable benefit of this model is its ability to accurately
represent compressible materials, as contact forces can approach
zero value even in presence of residual overlaps. The following
equations represent the hysteretic linear spring model imple-
mented in Ansys Rocky software (Ansys, 2024):

t min(F;;Af + KnuASn,Kn,Sfl) ifAS, >0
F. =

n

(1)
max (F,f;M + KnuASp, 0,001 K,,,s,g) ifAS; <0
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Table 2
DEM parameters of sand particles, geometry and their interac-
tion (Kure et al., 2021).

Parameters Value
Sand properties

Gravity (m s~2) 9.81
Bulk density (kg m ) 1533
Particle size (m) 0.005
Poisson's ratio 0.3
Young Modulus (MPa) 1.7
Rolling resistance 0.14
Geometry properties

Density (kg m~3) 1020
Poisson's ratio 0.3
Young modulus (MPa) 2200

Material interaction properties Sand-sand Sand-geometry

Static friction 0.7 0.4
Dynamic friction 0.6 0.3
Tangential stiffness ratio 1 1

Restitution coefficient 0.3 0.3

ASp =St — Stat (2)
where F! and F5~A! are normal elastic-plastic contact forces at the
current time t and at previous time t — At, respectively, where At is
the time step, ASy is the change in the contact normal overlap at
the current time (Fig. 8). It is considered positive when the parti-
cles are moving toward each other and negative when they are
moving apart. S, and S,-A¢ are the normal overlap values at current
and at previous time respectively. K,; and Ky, are the stiffness
values of the loading and unloading contact, respectively.

The tangential force in this model is elastic-frictional (linear
spring-coulomb limit models). If the tangential force were
considered to be fully elastic, its value at time t calculated from the
equation (Ansys, 2024):

Ffo=F 2+ KAS; (3)
where Ff~41 is the value of the tangential force at a previous time,
AS; is the tangential relative displacement of the particles during
the timestep, K; is the tangential stiffness. The elastic-plastic
normal contact model is appropriate for simulating non-
adhesive and dry granular materials (sand).

Particle rolling resistance is applied to rearrange the particle
shape effects for spherical particles. The DEM simulation used a C-
type rolling resistance model: a linear spring rolling limit to
compensate the effect of surface irregularities (non-sphericity)

Holder
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351

Fig. 8. Normal force overlap according to the hysteretic linear spring model (Walton
& Braun, 1986).

and particle shape (Wensrich & Katterfeld, 2012). According to
Wensrich and Katterfeld (2012), a suitable rolling stiffness value
ensures good rolling resistance behavior without the need of
additional damping. This approach is followed in Rocky (Ansys,
2024), where the rolling stiffness (K;) is defined as:
Kr = R2K, (4)
where K, is the t tangential stiffness (multiplying the ratio of
normal stiffness to tangential stiffness defined by user), R; is the
rolling radius, calculated as follows:

1
7+7
1 Ir1] ~ |r2]
R

particle — particle

1 (5)
i particle — geometry

where 1 and r; are the rolling radius of the particles in contact, r is
the rolling radius of the particles in contact with the geometry. The
rolling radius vector is defined as the vector connecting the
centroid of the particle and the point of contact at a given time.

Mﬁ,e =Mﬁ7M — Krwpe At (6)
where M4t is the vector of the moment of rolling resistance
(Fig. 9) in the previous time step, w,, is the vector of the relative
angular velocity, which is defined as the difference between the
angular velocities of the two particles in contact or the angular
velocity of a particle on a boundary, At is the simulation timestep.
The updated moment of rolling resistance is not directly used in
the particle motion equation. In the C-type rolling resistance
model, the magnitude of the rolling resistance moment is limited

Tool motion direction (0.1 m s_])

Particle Y coordinate (m)

0.078
B

0.154
i |

Fig. 7. Virtual sand bin filled with sphere particles (Katinas et al., 2024).
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Fig. 9. Particle affected by rolling resistance moment.

by the value achieved at full mobilization rolling angle. The limit
value is:

M jim = prReFn (7)
where y; is the rolling resistance coefficient, Rocky defines as a
particle property simply listed as rolling resistance. This dimen-
sionless parameter represents the tangent of the maximum slope
angle at which the moment of rolling resistance counterbalances
the moment produced by gravity acting on the particle. R; is the
rolling radius and F, is the normal force at the contact. According
to Egs. (6) and (7), the C-type rolling resistance moment model
(linear spring rolling limit) can be described as:

Mt

re
s Mr.lim) ‘

Mt = min(‘M?e M—f‘
re

(8)

2.3. Sand bin test

A laboratory sand bin (Fig. 10) test is used to compare the DEM
simulation with the actual measurement. The design of the
equipment allows to measure the draught force of the designed
elements. The measurement method is used as described in the
work of Kure et al. (2021). The printed elements (delta, oval and
nabla) are attached to the holder, and the working depth in the
sand is set to 0.1 m. The holder is an aluminium square tube
(20 x 20 x 2 mm). The sand bin is filled with silica sand of fraction
0.1-0.3 mm (density: 2650 kg m>, moisture content: 0 %). The tool

W Movement direction (0.1 m sh

Force sensor 1
Holder . ~06m
(shank) E|< ‘ E
e
= Sand 2
v |
Sample 155 m

Fig. 10. Draught force measurement in a sand bin.
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motion speed is 0.1 m s~ . A force sensor attached to the holder
and frame shows a draught force value during sand processing.
The force sensor's (LCMFD-2KN) maximum measured force is 2 kN
(accuracy <500 N: +£0.15 %). The experiment was repeated three
times with each type of element.

3. Results and discussion

This section presents the draught force results as influenced by
the design area, discusses the effects of 3D printing layers, and
suggests ideas future work on wear analysis of bulbous bow
elements.

3.1. Draught force and consumed energy results

This section describes the draught force results for all types of
designed elements inspired by the bulbous bow. There are four-
teen results for the draught force of the designed elements. Due to
the large number of results, the most representative are presented
here: the draught force results for the original (Org), delta (D1),
oval (0O1) and nabla (N1) shaped elements are shown in Figs. 11
and 12. The trend of the draught force is similar to the simula-
tion and experimental measurements. The force increases after
contact with sand particles and reaches its highest value in the
middle of the bin (around 0.4 m). In the second part of the travel
distance, it begins to decrease, as the resistance of the holder with
the sample passes through the pile of sand (particle).

One of the most critical factors in evaluating the serviceability
of newly designed elements is the maximum value of draught
force. Estimating the maximum draught force is difficult because it
fluctuates during sand processing. The average draught force in the
middle sand bin was calculated to obtain the best results. Ac-
cording to the curves in Figs. 11 and 12, the steady state of the
maximum draught force is in the range of 0.3-0.5 m sand pro-
cessing distance. This section calculates the average draught force
for each element. However, the area limited by the draught force
and travel distance values allows the energy required to process
the sand to be calculated through simulation and experimentation.
An example of energy calculation is presented in Fig. 13. The green-
coloured area is the energy required to drag the original (Org)
shape sample with a holder at the travel distance of 0.3-0.5 m. The
calculated draught force and energy results of designed elements
are given in Table 3.

Tracking of the particle's trajectory during the simulated sand
processing helps to see interaction between the sample surface
and particles itself. In Fig. 14, it is possible to track particle motion
of Org and O3 samples. Near the flat front surface of Org sample
(Fig. 14(b)) can be seen nicely arranged particle layer which works
as protective shield and particles trajectory has longer horizontal
trajectory lines (Fig. 14(a)), compared to O3 sample (Fig. 14(c))
where the trajectory lines are shorter. The particles are not
creating an arranged layer on the sphere surface of sample O3
(Fig. 14(d)) and their motion more directed to the sides of the
sample because it is creating protrusion effect as a ship with
bulbous bow in a water.

Based on the draught force data (Table 3), the simulation
showed higher values than the experimental measurement in the
range of 0.9-12.2 %. However, considering the values of the stan-
dard error (which shows how close the sample mean is to the
population mean (Curran-everett, 2008)), most simulation and
experiment results are not significantly different. The statistical
evaluation by ANOVA showed that there is a statistically signifi-
cant difference between the simulation and experiment measured
draught force because the p-value is less than the significance level
(0.05). Except the O1 and O3 has p-values higher than the
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Fig. 11. Draught force of original (Org) and D1 (delta) shape elements obtained from simulation (Sim) and experiment (Exp) in a sand bin.
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Fig. 12. Draught force of O1 (oval) and N1 (nabla) shape elements obtained from simulation (Sim) and experiment (Exp) in a sand bin.

significance level. The energy differences between the simulated

and experiment values showed that the simulation for D2 and D3

samples had slightly lower results compared to the experiment

60 (1.4 and 0.2 %). The rest of the simulation results showed a higher

| Energy —Q—E,\'p energy demand compared to the experiment. The largest differ-

50 ences are found in samples O1, 02 and N5 (8.5, 8 and 6.7 %). This is
due to the large number of peaks in the calculation range.

The downward-pointed triangles next to the values (Table 3)
indicate that the values in the simulation and experiment mea-
surement are lower compared to the original shape element. Most
samples require a slightly lower draught force than the original
element shape. The higher draught force in the sand processing
was 4.1 and 3.9 % for samples N3 and D3 compared to the original
sample, respectively. The laboratory experiments test shows that
samples N2, N5, and N1 require a lower draught force of 7.1, 5.7,
and 5.2 %, respectively, compared to the original (Org) sample.

Energy consumption follows the trends previously described,
with the N2 sample reducing energy consumption by 7.4 %. Except
for the sample 04, whose draught force result is closer to the
original element, the energy expression increases by 8.5 % in the

40
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Draught force (N)
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OogmxooNNmoo-—vr

-V 9 experimental measurement. This increase in energy is associated
odNAANMONONT I J g0 ; ;
oo oo oo o o o with a large number of draught force peaks in the 0.3-0.5 m
H evaluation interval.
Distance (m)

Fig. 13. Energy consumption of original (Org) sample experiment (Exp) measurement
in the range of 0.3-0.5 m sand processing distance.
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Table 3

Particuology 106 (2025) 291-304

Average draught force and energy values of simulation and experiment test in a sand bin in the range of 0.3-0.5 m sand processing distance and sample geometry projection
to the direction of motion (the triangle indicates that values are lower or higher compared to the original shape element in each column) (the draught force p-values are

lower than the significance level (0.05), except for the O1 and O3 samples).

Sample Draught force (N) Energy (J) Geometry projection
2
Simulation Change from Experiment Change from Simulation Change from Experiment Change from area (mm-)
original (%) original (%) original (%) original (%)
Original 448 +3.17 - 4244+ 1.16 - 9.00 - 8.89 - 1511
(Org)

D1 v44.5 £ 3.34 -0.7 v42.0 +£1.47 -1 v8.95 -0.6 v8.78 -1.2 1459

D2 v42.6 + 2.66 —5.2 v42.2 +£1.22 -0.5 v8.45 -6.5 v8.57 -3.7 1393

D3 469 +3.25 +4.5 44.1 +£0.78 +3.9 9.24 +2.6 9.26 +4.1 1595

01 46.6 +3.62 +3.9 v41.0 £ 1.25 -34 9.37 +3.9 v8.57 -38 1179

02 474 £ 317 +5.5 v41.8 £223 -14 9.53 +5.5 v8.77 -1.33 1179

03 449 +3.81 -0.2 v42.0 +£1.09 -1 9.01 +0.1 v8.75 -1.5 934

04 v44.7 + 333 -0.2 v41.2 £ 095 -29 9.0 +0.1 9.71 +8.5 A1526

N1 v42.1 £ 329 -64 v40.3 £ 1.24 -52 v8.86 -1.6 v8.45 -52 1459

N2 v41.8 £342 -7.2 v39.6 +£0.95 -7.1 v8.80 -23 v8.27 -74 1393

N3 452 +£3.94 +0.9 442 +1.07 +4.1 9.49 +5.1 9.26 +4.0 A1595

N4 v44.6 +3.46 —0.5 v42.1 +£1.38 -0.7 8.96 -0.5 v8.81 -0.8 1459

N5 449 +3.31 +0.2 v40.1 +£1.24 -5.7 9.01 +0.1 v8.41 -5.7 1402

N6 45 +3.33 +0.4 42.7 +£1.58 +0.7 9.05 +0.5 8.95 +0.7 a1552

3.2. Effect of area projection on draught force

The draught force and energy are influenced by the geometry of
the shape and projected area directed to the front surface of the
samples. Table 3 shows that samples D3, N3 and N6 have a larger
projected area than the original (Org) shape sample. Experiments
with wider sweeps (Giirsoy et al., 2017; Ucgul et al., 2014) show
that the draught force effect increases due to higher soil resistance,
which is consistent with data received in this study. An exception
is sample 04, which has a larger projected area but slightly lower
draught force values in both experiment and simulation. Sand is a
cohesive material that flows easily around the sample (tool),
especially if the tool has symmetry in both the vertical and hori-
zontal axes. This characteristic is an advantage of the sample 04, as
the sand particles can flow more easily around its surface. Unlike
sandy clay or clay, the bottom layer of sand is not compacted.
Surprisingly, the projected area of sample O3 is reduced by 32 %
compared to the original (Org) shape element, which does not
significantly affect the draught force in sand processing. This effect
requires more precise analysis to look for a better understanding of
soil resistance and tool geometry area dependency. According to
the obtain data, can be predicted that draught force and tool
contact area has a non-linear dependency, related to the sphere
shape of the tool. This prediction requires more analysis in the
future experiments.

Likewise, the draught force and energy consumptions recal-
culated per area unit (Table 4) shows the ratio of force required to
process the sand. Due to low values, the force and energy are
expressed per m%. Force per area (N m~2) gives the pressure. The
sample O3 has the lowest geometry projection area but draught
force is not reduced so much, therefore, ratio of the draught force
per projected area and energy are the highest of the tested sam-
ples: 41 % higher draught force per area ratio than original shape
sample during the simulation, 37.6 % for the experiment mea-
surement in a sand, 38.8 % and 34.4 % higher energy values per area
unit at simulation and experiment, respectively. On the other
hand, the sample 04 has lower draught force per projected area
values for simulation (3 %) and experiment (5.5 %) compared to
original sample, while recalculated energy per area values showed
that D3 has 2.3 % better results for simulation and 24 % for
experiment measurement. According to Archard law (Archard,
1953; Katinas et al., 2021), which is used for the wear simula-
tion, force directly influences material loss changes. Data in Table 4

help to predict wear loss changes for future research and wider
analysis of bulbous bow shape elements where the design ele-
ments aim would be to disturb the hard soil layers.

3.3. Effect of printing surface roughness

Analysing data between experimental measurement and
simulation helps to improve the quality of simulation and obtain
more accurate results. As mentioned previously, simulation results
have more value than experiment. 3D printed samples have a
layered structure outside the body. These layers are caused by the
height of print layer. At this time, the height of printing layer of the
samples was set as 0.2 mm. The size of the sand particles used for
experimental test ranged from 0.1 to 0.3 mm. Smaller particles can
be pressed into the corners of the geometry during the experi-
mental test in a sand bin (Fig. 15). In this case, smaller sand par-
ticles create a thin shield of particles around the sample
(geometry). While small particles “cover” sample (red area in this
figure), particle-particle interaction appears. In the absence of
small particles around the sample, particle-geometry interaction
occurs (yellow area in this figure). This type of interaction domi-
nates in the simulation study for 5 mm particle size. Due to the
particle-geometry interaction, the results of the draught force in
the simulation are slightly higher compared to the experiment.
Such a large size is too large to obtain accurate data but reducing it
will prolong computational time and data memory size. By
reducing the roughness of printed surface, an accurate result could
be obtained. According to (Grabowski et al., 2021) analysis, rough
walls and dense sand affect contact forces. The results showed that
as the roughness of the walls increases, the non-uniformity of
contact forces increases. Horabik and Molenda (Horabik &
Molenda, 2016) reviewed the influence of material interaction
parameters, where the importance of surface roughness for the
simulation results were mentioned.

The printed samples' surface roughness was made to ensure the
prediction of particle motion and validate the contact regions.
Fig. 16 emphasises surface roughness of the scanned Org and N1
samples. The calculated Rz values are 0.12 and 0.19 mm, respec-
tively. The measured values show that surface irregularities appear
in some places where sand particles can be pressed, and particle-
to-particle contact regions appear, influencing tool motion prop-
erties and values during the sand bin test. The Ra values were not
evaluated in this study because needle-based methods often take
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Fig. 14. Particle trajectory during the sand processing of Org (a, b) and 03 (c, d) samples.

Table 4

Draught force and energy values calculated per geometry projection area of each sample.

Sample Draught force per projected area (N m~2) Energy (] m—2)
Simulation Change from original ~ Experiment Change from original ~ Simulation Change from original = Experiment Change from original

(%) (%) (%) (%)

Original 28326 + 148 - 28051 + 117 - 2886 + 258 — 3058 + 380 —
(Org)

D1 29138 + 161 +2.8 28752 + 122 +2.4 2917 + 268 +1.1 3096 + 393 +1.2
D2 28799 + 156 +1.6 30301 + 125 +7.4 2963 + 212 +2.6 3139 + 302 +2.6
D3 27578 + 175 +2.7 27257 + 120 -2.9 2822 + 259 -2.3 2466 + 327 -24.0
01 39518 + 217 +28.3 34709 + 165 +19.2 4020 + 437 +28.2 3718 + 475 +17.8
02 38522 + 190 +26.5 35468 + 167 +20.9 4043 + 279 +28.6 3858 + 383 +20.7
03 48023 + 288 +41.0 44962 + 198 +37.6 4713 + 507 +38.8 4661 + 515 +34.4
04 27511 + 174 -3.0 26592 + 121 -5.5 2848 + 358 1.3 2795 + 358 -9.4
N1 30218 + 159 +6.3 27637 + 126 —1.5 3068 + 238 +5.9 2993 + 377 -2.2
N2 30019 + 173 +5.6 28412 + 130 +1.3 3088 + 251 +6.5 3057 + 387 0.0
N3 28349 + 174 +0.1 27705 + 123 —-1.2 2902 + 269 +0.5 2989 + 379 -2.3
N4 30538 + 167 +7.2 28807 + 128 +2.6 3073 + 239 +6.1 3135+ 395 +2.4
N5 32011 + 166 +11.5 28632 + 134 +2.0 3253 + 182 +11.3 3106 + 390 +1.5
N6 29002 + 152 +2.3 27504 + 121 -2.0 2920 + 152 +1.2 3035 + 373 0.7

limited 2D profile samples and may not fully reflect the three-
dimensional surface variations of the samples being tested. The
obstacle is a curved bulbous bow shape. This causes problems in
accurately analysing surface irregularities. It is recommended for
future studies to improve surface analysis using Ra and Rz mea-
surement values, combining profilometry with 3D optical
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technologies to provide a more detailed characterisation of surface
texture.

From a wear perspective, surfaces with additional inserts, ar-
ranged at specific distances and in specified quantities have been
shown to reduce wear loss (Grasser et al., 2024). Observations
from the three-body abrasion test showed that the thickness of the
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Fig. 15. 3D printed samples (D3, 03 and Org) and particles contact regions.

resulting particle layer affected the particle motion, shifting it
from less sliding to more rolling, thereby mitigating surface
removal through the micro-ploughing effect. However, the differ-
ence in friction forces between surfaces with inserts and smooth
surfaces (without inserts) was not measured. Although the oper-
ating conditions of the 3D-printed bulbous bow element are
different from the aforementioned abrasive conditions, these
findings can be applied to enhance wear reduction strategies.

Sample Org
IS ~"-— 0.19mm
( \ |
i /
~-—0.17mm
Detail A

Scale 10:1

~B~ —--—0.2mm
/ \
\ /
A-—0.21mm
Detail B
Scale 4:1 Scale 10:1

3.4. DEM scaling and sensitivity issue

This scaling away slightly from the actual particle size distri-
bution is typically observed in soil. Increasing the size of DEM
particles (in this study was used 5 mm size) can affect the accuracy
of modelling micromechanical interactions, such as contact forces
and local stress distribution, due to the reduced number of parti-
cles and the changed surface-particle interaction. These changes
can alter bulk properties such as flowability, density, or shear

Sample N1 :
\—0.31mm
B C~ N
( ) ,w 0.32mm
\ = ,\\\\'ﬁ 0.33mm
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[ \ Scale 10:1
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Detail D
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Fig. 16. Surface roughness of 3D printed and scanned Org and N1 samples.
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strength. The total generated amount of particles was 0.8 million.
Reducing the size of particles (2 and 5 mm) can lead to more ac-
curate analysis, where the particles can be generated by two
layers: bottom layer (height 15 cm) with 5 mm size and top layer
(where the main contact is between the tool and particles) with
2 mm size of particles (amount of particles increased to 7.3
million). An increasing number of particles drastically increases
computational time. For this study, we selected an optimal size of
the particles to obtain optimal results based on optimal compu-
tational time consumption. For a more accurate analysis, the
number of mesh elements of the geometry can be increased, but
this option drastically increases the memory usage of the graphics
card and, as a result, reaches the limit of the graphics power. In this
case, we selected particles of a larger size in the simulation to
ensure optimal calculation time and memory consumption.
Furthermore, the higher precision results can be reached with
lower particle size, higher number of mesh elements and sensi-
tivity analysis based on material interaction properties, which
would explain the influence of particle size on the static and dy-
namic friction of particle-material interaction.

3.5. Future perspectives of designed elements

In addition, the force and energy data generated are suitable for
predicting soil processing in the field using a single ripper tool unit
(sample and holder). First of all, more tools are processing the soil
at the same time (5, 7, 11, 13, etc.), draught force and energy con-
sumption increase depending on the number of tools used. A
reduction of a few percent per ripper has an impact on the energy
consumption of the entire machine, economic savings, and climate
change.

The force results showed that the designed elements do not
significantly increase the draught force; in some cases, the force
used in sand processing is reduced. The development of such
shape elements is primarily aimed at improving wear resistance
during soil processing in agriculture. The shape of the working tool
can be very complex. However, the essential factor is to retain the
energy cost as low as possible and to ensure the agronomic re-
quirements for the processed soil. It should be noted that the oval
samples 03 and O4 are versatile. After long work in the soil, the
lower part will be worn out more than the upper part. This
element can be turned upside down, and the working time will be
prolonged.

Further analysis for newly designed elements should focus on
wear phenomena when assessing longevity and abrasive wear
resistance. Although soil disturbance and particle flow (soil flow)
around elements are essential aspects that can be analysed using
DEM. Particle flow around the surface can answer abrasive wear
resistance of designed elements. The laboratory test in abrasive
mass of bulbous bow shape samples will allow to predict the shape
changes and see worn elements energy consumption changes.
Very interesting information would be gained from the field test
where these elements can be tested in loamy or sandy soils. As a
final comparison step will help to analyse economic feasibility of
designed tools and energy saved during the soil processing at real
conditions.

4. Conclusions

This study combined the interdisciplinary approaches from
marine engineering and soil processing to investigate the effect of
bulbous bow-inspired geometries (delta, oval, and nabla shapes)
on soil interaction. The elements were analysed using the Discrete
Element Method (DEM) and validated through experimental tests
in a sand bin with draught force assessment. The concept of water
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flow dynamics around bulbous bow elements, which is used in the
design of seagoing vessels, has shown potential for reducing en-
ergy consumption in soil processing work. Based on the results of
the study, the following conclusions are drawn:

e The designed/created elements showed a consistent correla-
tion between the simulation of draught force in sand bin and
experimental testing. The simulated draught force values were
slightly higher than the experimental data but did not exceed
the permissible error limits. The simulation settings and pa-
rameters, especially those obtained from repose angle mea-
surements, proved to be effective and can be reliably used in
future sand processing simulations.

In the 0.3-0.5 m processing distance, most of the tested ele-
ments showed a reduction in required draught force compared
to the original (Org) tool. The nabla-shaped sample N2 showed
the greatest improvement, with a 7.1 % reduction in draught
force (both simulation and experiment), while sample N3
showed a 4.1 % increase. This shows the importance of geo-
metric refinement even within the same family of shapes.

The bulbous (spherical) shape tool changed the flow of sand
particles compared to the original tool (Org) with a flat surface.
The spherical shape of elements encouraged the sand particles
to be directed around the tool rather than accumulating
directly in front of it (the bulldozer principle), thereby reducing
resistance and energy requirements.

A comparison of the projected tool geometry in the direction of
movement showed that, in general, a larger contact area cor-
responded to higher draught forces. However, the oval-shaped
test piece O3, despite having a projected area 32 % smaller than
the original tool, did not show a corresponding reduction in
draught force, indicating that other factors such as flow dy-
namics and surface contour also play an important role.

Based on the results of this study, future research should focus
on the analysis of abrasive wear and the durability of designed tool
shapes under real working conditions. Research into how constant
contact with abrasive particles affects tool geometry and efficiency
will be very important for practical application. Furthermore,
integrating more advanced modelling techniques, such as coupled
CFD-DEM models, would provide more detailed information about
particle flow dynamics around complex surfaces. It is also rec-
ommended to further optimize the design of the shape, consid-
ering the choice of materials, energy consumption, and
performance scale, to increase the efficiency of the tool in different
types of soil and under various working conditions.
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