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Abstract—Recently, fluctuations in the cost of labor and
prices of natural resources have increased the difficulty of
the business environment for mine development. Therefore,
it is necessary to improve excavation efficiency using
hydraulic excavators. Getting the actual excavation
resistance for efficient excavation is challenging. To obtain
lower resistance in excavation, we aimed to design a Discrete
Element Method (DEM) parameter identification system
that can calculate excavation resistance. To validate two
calculation models in this system, we used a robot arm,
different excavation objects, and a DEM software to
compare the resistance between the actual excavation and
the simulation. We selected the calculation model more
approximate to the actual excavation resistance. Thus, our
experiments could prove data similarities between
simulation and actual excavation. However, a part of
excavation resistance is still not approximated in simulation.
Therefore, we conducted experiments using steel balls to
identify the relationship between the physical properties of
excavation objects and the calculated resistance. We
obtained conclusions on making calculated resistance more
approximate to actual excavation resistance by adjusting the
properties.

Index Terms—discrete element method, physical properties
excavation resistance, adjustable parameter, parameter
identification, excavation trajectories

I.  INTRODUCTION

A. Research Background

In recent years, the business environment for mine
development has become increasingly difficult due to
fluctuations in the cost of labor and natural resources.
Consequently, it is need to improve efficiency and reduce
fuel consumption. In this study, we aim to improve
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excavation efficiency by designing a
idendification system.

Excavation efficiency is based on the operator’s
experience. Thus, excavation in inappropriate or
motionless trajectories could go too deep. Understanding
the excavation resistance could help in assessing an
operator’s skill and assist in correcting the trajectory,
thereby improving excavation efficiency and stacking.
However, due to the harsh environment of a mine site,
directly measuring excavation resistance using load cells
is challenging. It is also difficult to calculate the
excavation resistance in various soil types, terrains, and
trajectories using only available data such as each joint’s
angle and cylinder pressure. To solve these problems, the
Discrete Element Method (DEM) is effective for
calculating the excavation resistance [1]-[3]. This is
because DEM has a high reproducibility advantage when
repeatedly excavating the terrain.

It is desirable to measure the simulation parameters in
the field. However, the physical properties of the
excavation object are not constant at the mine site.

Since mine sites are harsh environments, it is necessary
to use special equipment such as hardness testing
machines to measure the physical properties. There have
been other studies on excavation resistance analysis of
mining shovels, but it is unclear how to adjust the
parameters for different soil types when applying the
method to different soil types.

Therefore, if the DEM parameters can be determined
based on the excavation resistance measured by
excavating on a simple trajectory, it will be possible to
apply the method to actual mining sites. Based on the
above hypothetical configuration, we propose the
following system.

1) Using a simple excavation trajectory at the mine

site, the resistance generated by the actual mining
shovel is measured and accumulated from
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cylinder pressure and hand trajectory before
operation.

2) A DEM simulation is used to reproduce the
excavation described in 1), and the parameters are
adjusted so that the resistance of each excavation
object is the same as the actual measured value.

3) Excavation is conducted at the mine site using the
soil and trajectory used in 1), and the DEM
parameters that best approximate the resistance
generated are determined.

4) Using the parameters determined in the DEM
simulation, various terrains and trajectories at the
mine site are reproduced, and the resistance
caused by the actual excavation is calculated from
the trajectory of the bucket’s tip.
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Figure 1. Overview of the proposed system.
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As shown in Fig. 1, we designed a system to determine
the DEM parameters from the excavation resistance of a
simple excavation. This study aims to verify the validity
of the proposed system by using a robot arm as the scale
model of a hydraulic excavator considering the ease of
data acquisition.

B. Prior Research

The DEM was introduced by Cundall in 1971 [4], [5]
with the aim of applying it to rock mechanics. As shown
in Fig. 2, DEM is used to analyze the behavior of an
object by modeling it as a sphere and solving the equation
of motion for each time step of the interaction between
particles. The equations of motion are solved at each time
step, where the impingement distance is the displacement,
to reproduce the behavior of fine granular materials.

In the DEM, the behavior differs greatly depending on
the model to be applied. To reproduce the actual behavior
accurately, models that consider the rolling resistance and
interparticle adhesion forces have been devised.
Furthermore, it is important to set the parameters to
reproduce the behavior more accurately.

Many analyses of excavation resistance of hydraulic
excavators using the DEM have been made in [6]-[12].
Yoshida et al. [11] examined the difference in excavation
efficiency by varying the DEM parameter values (friction
coefficient, damping coefficient).

Hirano et al. [12] devised an automatic excavation
algorithm based on DEM analysis and investigated the
excavation efficiency in different trajectories.
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Figure 2. Behavior of the discrete element method.

However, no research aims to reproduce the most
suitable behavior and resistance for each excavation.

Our proposed system aims to adjust the DEM
parameters based on the data obtained from the excavator.
No similar research has been conducted.

Il.  VALIDATION OF THE DEM MODEL

A. Experimental Environment

In this study, an excavation environment using a robot
arm is used for ease of data acquisition. The robot arm is
DENSO VS060. As shown in Fig. 3, A jig, force sensor
(ATI-Mini45), and bucket is attached to the end of the
arm.

The jig and bucket were fabricated with a three-
dimensional printer.

To calculate the excavation resistance using the DEM,
the DEM simulation software “LIGGGHTS” by DCS
Computing, an open-source software, was used. The
simulation was composed by scripting the scene with this
software.

) ' >

Computer for data acquisition Jj

Figure 3. Excavation environment by robot arm.

In LIGGGHTS, each wvoigt model coefficient is
determined by Hooke’s law based on various parameters.

In this research, the moments around the bucket’s
center of rotation are compared with the values measured
by the force sensors and the values calculated by the
DEM simulation. Therefore, it is necessary to evaluate
whether the resistance is reasonably reproduced in the
simulation. The Euclidean norm is calculated by
considering the difference between each measurement’s
measured and calculated values as a distance. The smaller
the Euclidean norm, the smaller the difference between
the measured and calculated values.
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B. Excavation Test in the Robot Arm Environment

The excavation resistance was measured with a force
sensor attached to the robot arm. The trajectory of the
arm used in the test mimicked the actual excavation
trajectory. The constructed arm trajectory was evaluated
as the correct data. As shown in Fig. 4 and Table I, a
trajectory close to the actual excavation trajectory was
determined based on the average hand trajectory [13], [14]
obtained when an operator with more than 10 years of
excavator operation experience excavated a flat surface.
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Figure 4. Actual excavation trajectory.

TABLEI.  VELOCITY AND ACCELERATION OF EACH PHASE OF THE
ACTUAL EXCAVATION TRAJECTORY
No. [Trajectories |velocity (cm/s) Angular velocity (deg/s)

1 Penetration 5.03 —

2 Rotation — 17.93

3 Pulling 4.63 —

4 Rotation — 20.05

5 Lifting 9.15 —

The actual excavation trajectories were used to

excavate several different objects. The three objects used
in the excavation tests are shown in Fig. 5, and each
object’s measured physical properties are shown in Table
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Figure 5. Objects (A, B, C from right).

TABLEII. PHYSICAL PROPETIES OF OBJECT A, B AND C
Objects Drain size (mm) | Density (kg/mg)
Object A 10-14 2520
Object B 3-12 2652
Object C 1-3 2310

The excavation object was flattened with a flat plate
after each excavation.

The excavation’s initial position was set where the toe
touched the ground surface. Each excavation’s resistance
is shown in Fig. 6. These results show that object A has
the highest excavation resistance.

© 2022 Int. J. Mech. Eng. Rob. Res 306

20 — Object A
— Object B
~— Object C

Resistance (Nm)

Time (s)

Figure 6. Each object’s resistance measured by the excavation
trajectory.

C. Validation with the Basic Model

In the simulation, we use the voigt model, the most
basic model that does not consider the rolling resistance
and interparticle adhesion force. Table III shows the
model’s parameters. The value 1 is the parameter that
adjusted the coefficients of restitution and friction. The
numerical value 2 exhibits the case where the density and
Young’s modulus is increased simultaneously.

The excavation resistance for numerical value 1 is
shown in Fig. 7 and Fig. 8. The excavation resistance for
numerical value 2 is shown in Fig. 9. Fig. 10 shows the
measured values of the force sensors when the robot arm
excavated objects A, B, and C.

TABLE Ill. LIST OF ADJUSTABLE PARAMETERS FOR THE BASIC

MODEL
Parameters Dimensions Value 1 Value 2
Young’s modulus Pa 1.0 x10° 2.0 x10°
Poisson’s ratio — 0.3 0.3
Coefficient of
restitution - 03,06 0.6
Coef‘f_ncn_ent of _ 0.3,06,0.9 09
Friction
Characteristic
- — 2 2
velocity
Drain size mm 7.5 7.5
Density kg/m’ 2.5 5000
Time step S 0.00001 0.00001
=+ = Coefficient of restitution 0.3, Coefficient of friction 0.9
- Coefficient of restitution 0.3, Coefficient of friction 0.6
"""" Coefficient of restitution 0.3, Coefficient of friction 0.3
6
B
3
3 4
3
82
0
0 2 4 6 8
Time (s)

Figure 7. Resistance by DEM in the basic model (Coefficient of
restitution 0.3, Coefficient of friction 0.3-0.9).
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=+ = Coefficient of restitution 0.6, Coefficient of Friction 0.9
Coeficient of restitution 0.6, Coefficient of Friction 0.6
Coefficient of restitution 0.6, Coefficient of Friction 0.3

Resistance (Nm)

Time (s)

Figure 8. Resistance by DEM in the basic model (Coefficient of
restitution 0.6, Coefficient of friction 0.3-0.9).
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Figure 9. Resistance by DEM (Young’s modulus, Density).
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Figure 10. Characteristic waveform of resistance in the actual
excavation.

Each excavation’s results confirmed that the
characteristic peak appeared twice, and the resistance
remained low in the valley in-between.

However, unlike Fig. 10, Fig. 7-9 did not show the
features mentioned above. The first peak is the
penetration and rotation, and the second peak is the
rotation of the actual excavation trajectory.

The second peak occurs in the second rotation, i.e., the
resistance peak occurs in the rotation. The voigt model
used in the simulation can reproduce the translational
motion by solving the equations of motion in the normal
and tangential directions, respectively.

Although the voigt model used in the simulation can
reproduce the translational motion by solving the
equations of motion in the normal and tangential
directions, it cannot reproduce the rotational motion. In
the simulation, the particles are modeled as spheres, so
there is little resistance to rotation.

© 2022 Int. J. Mech. Eng. Rob. Res

The shape of each excavation is not reproduced
simultaneously. Each excavation’s shape is irregular and
shows strong resistance to rotation. Therefore, the lack of
peaks in the simulations is because the particles do not
resist rotation.

D. Validation with a Model for Imparting Rolling
Resistance

It was difficult to reproduce the resistance pile with the
basic model. Therefore, a model with a rolling resistance
[15] is used to verify whether the excavation resistance
approximates the measured value by adjusting the
parameters. The adjusted parameters are shown in Table
IV. 48 combinations of each parameter were used in the
simulation.

Since the resistances were relatively close, the
calculated excavation resistance was used as a reference.

The calculated resistances were relatively close to each
other, so the simulated resistances were smoothed using
the moving average method by 0.16[s] before and after
the simulated resistances to understand the trend of the
calculated resistances. Then, the resistance value that
most approximated the force sensor’s measured value
was obtained from the 48 calculated values using the
Euclidean norm. Fig. 11 shows the graphs of the most
approximate resistance values for objects A, B, and C.
The parameters are shown in Table IV, and the
parameters for each object when resistance is the most
approximated are shown in Table V.

The first peak in object B was not significant, but the
second peak and the two peaks in Object A and C were
observed. These results suggest that the model with a
rolling resistance can reproduce the feature of a real
excavation where two large peaks occur in the resistance.
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Figure 11. Comparison of calculated values of excavation resistance
with the parameters most approximate to each Object.

However, there is an overall misalignment of the
waveform. The discrepancy is assumed to be caused by
the difference between the simulation and the actual
particle shape.
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TABLE IV. ADJUSTABLE PARAMETERS IN THE MODEL WITH ROLLING

RESISTANCE
Parameters Dimensions Value
Young’s 8
modulus Pa 1510
P0|ss_0n’s _ 02
ratio
Coefficient _ 0.2
of restitution '
Coeff'lc[ent _ 0.3,05,0.7,0.9
of Friction
Coefficients
of Rolling — 0.3,05,0.7,0.9
Friction
Characteristic
i — 2
velocity
Drain size mm 7.5
Density kgm’ | 15,2540

TABLE V. THE PARAMETER FOR EACH OBJECT WHEN RESISTANCE IS
THE MOST APPROXIMATE

TABLE VI. PHYSICAL PROPERTIES OF OBJECT X
Drain size (mm) Density (kg/ms)
5-8 1.14

TABLE VII. EUCLIDEAN NORM OF RESISTANCE DURING SIMPLE
TRAJECTORY FOR EACH OBJECT AND OBJECT X

. Coefficient | Coefficients of .
Objects of Friction Rolling Friction Density (kg/m3)
Object A 0.5 0.9 25
Object B 0.3 0.9 25
Object C 0.3 0.3 25

I1l.  VALIDATION OF THE ADAPTABILITY OF THE
PROPOSED METHOD

A. Excavation Experiment on a Simple Excavation
Trajectory

The series of flows shown in Fig. 1 is performed to

verify the proposed method’s adaptability to an excavator.

First, an Object X, which has not been used until Chapter
3, is excavated. Based on the excavation resistance, the
resistance of the excavator with the closest approximation
is determined. The excavation resistance of the actual
trajectory is calculated using the parameters adjusted for
that excavation and then compared with the measured
value of the robot arm. Object X is shown in Fig. 12, and
its physical properties are shown in Table V1.

Fig. 13 shows the measured values of the excavation
resistance when excavating with the simple trajectory.
Table VII shows the measured values of each
excavation’s resistance and the Euclidean norm of object
X’s resistance to excavation when it is excavated using
the simple trajectory.

From the above, Object X is regarded as object C, and
the excavation resistance is calculated using the
parameters that best approximate the actual excavation
trajectory in object C.

Object X was excavated in a robot arm environment
using an actual excavation trajectory. The measured
values of the excavation resistance are shown in Fig. 14.
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Figure 13. Measured resistance on a simple trajectory (Object X).
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Figure 14. Measured resistance on an actual trajectory (Object X).

B. Approximation on an Actual Excavation Trajectory

The parameters that best approximate object C’s
resistance during a simple excavation were determined.
The calculated values of the actual excavation trajectory
using these parameters are compared with object X’s
excavation resistance during an actual excavation using
the robot arm.

Fig. 15 compares the calculated and measured values
using object C’s actual excavation trajectory. Object C
was adjusted from object X’s excavation resistance using
the simple excavation trajectory to the excavation
resistance of Object C that best approximates the
resistance of the simple excavation trajectory of each
previous excavation.

The calculated values using the DEM are higher than
the measured values, but the calculated values could
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capture the characteristics of the appearance of peaks.
However, As shown in Fig. 16, the actual excavation has
a valley in the central part, whereas the calculated value
has a peak.
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Figure 15. Comparison of actual trajectory with simple excavation
identification parameters for Object X.
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Figure 16. Raising of the central part of the resistance during actual
excavation using the identified parameters.

The difference is because the material in the simulation

is a perfect sphere and all the particles are of uniform size.

However, the actual gravel has an irregular shape, and the
particle size varies from one particle to another.
Therefore, pulling the bucket forward does not increase
the resistance as in the simulation, since small particles
escape into the gaps due to the different particle sizes.
Therefore, we prepared perfectly spherical steel balls
with the same particle size and excavated them. Fig. 17
shows photographs of the drilled steel balls. Table VIII
shows the physical properties of the balls. Fig. 18 shows
the excavation resistance using the actual excavation
trajectory.

Figure 17. 11 mm diameter Steel balls.

TABLE VIII. PHYSICAL PROPERTIES OF STEEL BALLS
Drain size (mm) 11
Density (kg/m3) 7.82
Young’s modulus (Pa) 2.0 x10°
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Figure 18. Resistance of 11 mm diameter steel balls using actual
trajectory.

Fig. 18 shows that the excavation resistance increases
in the central valley. Therefore, to make the simulation
closer to the actual excavation, it is necessary to conduct
the simulation with a mixture of different particles, i.e.,
instead of using a high Young’s modulus and the density
of the steel balls, parameters closer to the actual
excavation and far from the physical properties of the
balls are used. Using parameters closer to the actual
excavated material or further away from the physical
properties of the steel balls (lower Young’s modulus,
lower density), it is possible to reproduce an excavation
resistance closer to the actual excavated material, such as
an intermediate valley.

Suppose the above does not improve the results. In that
case, the excavation resistance can be reasonably
calculated by modeling the excavation objects in the
simulation as a mixture of particles of different sizes,
considering the difference between the actual excavation
objects and the ones with the same or different particle
size. Furthermore, considering the difference in the shape
of the particles, i.e., perfect sphere or irregular shape, we
surmise that the excavation resistance can be reasonably
calculated by modeling the particles as ellipsoids instead
of perfect spheres.

IV. CONCLUSION

We constructed an excavation environment using a
robot arm, excavated non-viscous materials such as
gravel, and measured the resistance. The comparison
between the measured and calculated resistance using the
DEM simulation suggests that the rolling resistance
model could be applied to reproduce the resistance
reasonably well.

A simple trajectory was used to excavate the object
without  adjusting the  parameters  beforehand.
Consequently, the calculated values were compared with
the measured values to evaluate the validity of the system
proposed in this study.

The calculated values of excavation resistance when
excavating on a real excavation track using the DEM
parameters determined by the proposed system were
compared with the measured values of excavation
resistance by a force sensor when excavating under a
robot arm environment on a similar track.

Based on the differences between the two values, steel
balls corresponding to particles of uniform size generated
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in the DEM simulation environment were examined by
excavating in the robot arm environment.

As a future project, a simple excavation trajectory is
first listed. Then, the resistance of the actual excavation
trajectory will be calculated using the parameters
identified based on the resistance during excavation on
the trajectory, and the type of simple trajectory required
for identifying the DEM parameters will be examined.
Finally, the validity of the proposed system will be
verified using an actual hydraulic excavator. This will
enable further verification of the applicability of the
proposed system to mine sites, and various findings and
issues in adapting the system to hydraulic excavators will
be obtained.
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