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1. Introduction

Adjustment of the cutting tool on the excavating head/wheel
plays a significant role for the machine output and the wear
process of the cutting tools. Industrial practice as well as liter-
ature study indicates bucket/cutting wheels as one of the most
exposed to the damage, other than for example structural and
undercarriage components of the machinery [1,2]. Papers [3,4]
present design, technological and fatigue cause of excavating
unit damage. Literature review of [5, 6] gives an example of
shaping cutting tools with the use of numerical simulations.

Relocation of the machine leads to its operation in not prefer-
able geological conditions. As a result, predefined geometry
of cutting elements dedicated to specific geological conditions
is not the optimal one. From the technical point of view the
increase of excavation resistance and wear acceleration is ob-
served. As a consequence, maintenance actions must be taken
more often increasing the total cost of operation. Also, the rise
of the excavation resistance causes a drop in the output rate. To-
tal down time (due to the additional maintenance), output drop,
increased maintenance costs lead to the significant total cost in-
crease. It rises doubts about the economic justification of the
operation.

The solution of this situation is an adaptation of the excava-
tion tools and excavation parameters to the actual operational
conditions. In many cases, this is realized by the try and er-
ror method which can, as a consequence, lead to the positive
or negative change. Depending on the characteristics of the ex-
cavated/moved material, small workshop adjustments may not
give the desired result. More detailed analysis of trajectories
may be necessary [7].
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Authors of this paper present research based, step by step
process of identification and modification of the excavation unit
in purpose of its adaptation to actual working conditions. The
object of investigation was a cutter head of the sand dredger [8]
presented in Fig. 1. The analyses were supported by the reverse
engineering as well as computed aided design and numerical
simulation tools [9].

Fig. 1. Suction dredge barge

2. Problem identification

For the purpose of defining the root cause of the excavation
problem the identification of real operational conditions, pa-
rameters and resistance is crucial. At first, the positioning sys-
tem of the bagger must be properly defined. In the presented
case the position of the bagger is controlled with steel ropes.
Three of these ropes keep the global position which remains
stable during excavation. Two side ropes control the slewing of
the bagger with respect to the fixed point (defined by the global
positioning ropes). In Fig. 2 the positioning rope system is pre-
sented.
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Fig. 2. Scheme of the dredger positioning: 1 – dredger, 2 – operation
field, 3 – global positioning ropes, 4 – operation (slewing) positioning

ropes

Analysis of the winch operation pressure and the machine
operation gives direct indication of the overload of the winches.
The interrupted machine operation results with the output sig-
nificantly below the expected level. The trace of the pressure
on the left and right slewing winch as well as the cutterhead
pressure, measured experimentally, are presented in Fig. 3. The
detailed description of the overloading problem is presented in
the paper [10]. In general, one can observe that the operation
process is very unstable with big alternations on the wheel load
and loads on the slewing.

Fig. 3. Cutterhead winch pressure and cutting wheel pressure trace

3. Author’s method of problem solving

The methodical approach, in purpose to solve the presented
problem, is defined by the following steps:
• Definition of the actual geometry of the wheel and teeth
• Identification of the trajectories of the cutting teeth
• Identification of the load distribution on the cutting ele-

ments
• Optimization

• Assessment
• Final adjustments

The listed steps are described in the following subchapters.

3.1. Definition of the actual geometry of the wheel and
teeth. Due to the many workshop try and error adjustments,
which were not fully documented and coordinated, the ac-
tual position and shape of the cutting elements were identified
with use of reverse engineering 3D laser scanning technology
(Fig. 4).

Fig. 4. Geometry scanning

In the methodology of this process, a terrestrial laser 3D
scanner was used, which identifies the position of points in any
spatial coordinate system X, Y, Z. During this process, the scan-
ning density of the object is defined. and the corresponding in-
cremental interval of the horizontal and vertical angles, which,
together with the measured distance, are then used to calculate
the X, Y, Z rectangular coordinates of each point in the point
cloud. As a result, rectangular coordinates are obtained from
the polar coordinates. The coordinates of the points can be de-
termined in the local scanner coordinate system and also in the
coordinate system defined by the user.

The full “field of view” of the scanner head covers 360oin
horizontal and 270oin vertical direction. The accuracy of the
measurement depends on the distance and type of the scanned
object, i.e., its color, surface roughness, reflectivity (albedo co-
efficient) and the number of scans performed (overlapping point
clouds of the same detail). Measurement accuracy in the field
may be affected by wind as well.

The result of a single scan is a cloud of points scattered in
space in relation to the current position of the scanner. The posi-
tion of each point is exactly positioned relative to the vertical di-
rection, with the accuracy of one arc second, thanks to dynamic
measurement of the deviation from the vertical axis of the scan-
ner. The final result of the measurements is the combined point
cloud from all scans with the use of permanent markers visible
during each scan. Such point cloud is the basis for the assess-
ment of the geometry of the examined structure. Depending on
the need, the 3D geometry can be built on the point cloud, that
enables detailed geometry or FEM analyses (Fig. 5).

It is worth noting, that in case of the modernization of exist-
ing objects, it is a common situation that technical documen-
tation and actual geometry discrepancy are present. Skipping
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Fig. 5. 3D virtual model (1) based on 3D scan model (2)

the stage of actualization may have big influence on the final
results of the optimization. Moreover, it reveals if the prelimi-
nary assumptions and design are correct. More details about the
geometry recovery are presented in the paper [10].

3.2. Identification of the trajectories of the cutting teeth.
Having the actual geometry, the trajectory analysis of cutting el-
ement can be done. Due to the fact that cutting teeth are placed
uneven on the buckets/wheel, the analysis was performed with
two buckets simultaneously. This approach gives the possibil-
ity to assess the position of each tooth separately as well as
the possible mutual influence of the trajectories of teeth. The
parameters for presented analysis were as follows: slewing –
5 m/min, wheel speed – 28 rpm. In Fig. 6 direct indication of
teeth taking part in the simulation is presented.

Figure 7 presents the trajectory of selected teeth. Compre-
hensive discussion about trajectory analysis can be found in the
paper [10].

Each tooth was analyzed under the inclination angle with
respect to the surface tangent to the trajectory trace [10]. The

Fig. 6. Selected teeth for the trajectory analysis

Fig. 7. Teeth trajectories of current model

analysis was done separately in radial and axial direction. Su-
perposition of those two analyses gives the resultant trajectory
of the cutting tool. Graphical example of the inclination angle
definition is presented in Fig. 8.

Fig. 8. Teeth trajectories – tooth deviation angles – teeth nr 1: 1 – radial
direction angle, 2 – axial direction angle

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137122 3
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3.3. Identification of the load distribution on the cutting ele-
ments. The third step of the presented approach is the numer-
ical simulation to identify the load distribution, material frag-
mentation and total resistance check. The simulation was based
on Discrete Element Method. The developed model was val-
idated on the basis of the measured values of the excavation
resistance [11].

In the discrete approach, each particle of material is modeled
separately, and the whole material is represented as an ideal-
ized set of particles. The general behavior of the set of parti-
cles is, due to interactions, between the molecules. In DEM,
by the use of contact detection algorithms and the use of ap-
propriate contact models, the forces acting on the particles are
calculated (Fig. 9). Accelerations, velocities, and positions are
then computed using Newton’s laws of motion and numerical
integration. Each particle has 6 degrees of freedom, and as a re-
sult can have two kinds of motion: translational and rotational.
In DEM simulations, Newton’s second law is used to calculate
the translational and rotational acceleration, which are then nu-
merically integrated over a time interval to update the velocities
and positions of the particles [12].

Fig. 9. Example of forces acting on a 2D discrete particle. Same prin-
ciples govern 3D DEM simulations with 6 d.o.f. [12]

The rotational motion is calculated based on the following
equation [14]:

I
dω
dt

= M , (1)

where I is the moment of inertia, ω is the angular velocity, M
is the resultant contact torque acting on the particle, t is time.
The translational motion is calculated based on the following
equation [12]:

m
dv
dt

= Fg +Fc +Fnc , (2)

where v is the translational velocity of the particle, m is the mass
of the particle, Fg is the resultant gravitational force acting on
the particle, Fc and Fnc are the resultant contact and noncontact
forces between the particle and surrounding particles or walls.
The accelerations are numerically integrated over a time step to
update particle velocities and positions [12]:

x(t +∆t) = x(t)+ v(t)∆t , (3)

v(t +∆t) = v(t)+a(t)∆t , (4)

where v(t) is velocity, x(t) is the position, a(t) is the accelerate
of a particle at a given time t, ∆t is the time step (Fig. 10).
Rotational velocity and particle orientations are updated in a
similar manner [12].

Fig. 10. Single element motion calculation in terms of acceleration,
velocity and position in DEM [12]

Based on the literature data [7, 13–16], the basic properties
of the excavated material – quartz – and the size of the discrete
element were determined. Material properties and parameters
of the discrete elements are presented in the Table 1 below.

Table 1
Material properties and parameters of discrete elements, where: Rp –
physical radius, Rc – contact radius, ρ – density, v – Poisson’s ratio,

E – Young modulus

Material properties and parameters
of discrete elements

Rp Rc ρ v E
[mm] [mm] [kg/m3] [−] [Pa]

5 6 2700 0.25 2.5E9

The Hertz–Mindlin with bonding contact model was used. In
this model the normal force component is based on Hertzian
contact theory [16]. The tangential force model is based on
Mindlin-Deresiewicz work [17]. Both normal and tangential
forces have damping components where the damping coeffi-
cient is related to the coefficient of restitution as described
in [18]. The tangential friction force follows the Coulomb law
of friction model as in, for example in [19]. The rolling friction
is implemented as the contact independent directional constant
torque model [18]. Additionally, when using bonding, contact
model bonds spheres together. The bond is broken when the
normal and tangential shear stresses exceed some predefined
value [15]:

σmax <
−Fn

A
+

2Mt

J
RB , (5)

τmax <
−Ft

A
+

2Mn

J
RB . (6)

These bond forces/torques are in addition to the standard
Hertz–Mindlin forces [15].

To obtain bonding contact parameters, a series of numerical
simulations was performed. To represent the mining process, a
soil block consisting of 451 997 particles was created.
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Fig. 11. DEM simulation model

As mentioned, model validation was based on the excavation
resistance measured data. Due to the alternating character of
the cutting forces, the validating parameter was the Root Mean
Square value of the excavation force trace [10]. Value (7) is the
obtained on the measured experimental data. Value (8) gives the
resistance level derived on the basis of tuned model:

RMSS0cutterhead ∼= 11623 Nm , (7)

RMSS0cutterhead ∼= 12102 Nm . (8)

S0 is current solution of cutterhead. The difference between
(7) and (8) is roughly only about 4%. The trace of the torque in
the numerical simulation is presented in Fig. 12. The indicated
time intervals present wheel run up, stabilization of the exca-
vation and interval of stable operation selected for validation,
respectively.

Fig. 12. Torque load of the cutterhead drive shaft – current solution of
the cutterhead: 1 – start of the wheel, 2 – stabilization of the cutting

process, 3 – determining the RMS value

The root mean square value of the torque of slewing motion
obtained in numerical analysis is:

RMSS0ladder ∼= 818890 Nm . (9)

As a result, the following parameters were obtained for
bonded-type contact.

Using obtained parameters, 2 091 528 contact connections
between the molecules were obtained.

Table 2
The Hertz–Mindlin with bonding contact parameters, where: Cn – nor-
mal stiffness, Cs – shear stiffness, σcrit – critical normal stress, τcrit –

critical shear stress, Rnond – bonded disc radius

The Hertz–Mindlin with bonding contact parameters

Cn Cs σcrit τcrit Rnond
[N/m3] [N/m3] [Pa] [Pa] [mm]

1E9 5E8 6.5E5 6.25E5 6

3.4. Optimization. The recovered 3D geometrical model
identified trajectories and the discrete numerical model for bulk
material simulation is a proper basis for optimization process.
The first introduced change was the new adjustments of the cut-
ting teeth with respect to the angels and trajectories. The gen-
eral information about the cutting elements and earth moving
machinery design is presented in the positions [7, 14, 20–22].
More detailed investigation of the excavation resistance with
respect to the teeth angel is presented in position [10]. The field
based experience is presented in positions [23–25]. With the
combination of both theoretical and experimental knowledge
the solution (Fig. 13) of the new placement of the cutting teeth
on the buckets was proposed.

Fig. 13. The new arrangement of the teeth

In Fig. 14 the numerical discrete element simulation, with
new position of the cutting tools is presented.

Fig. 14. Example of the mining process simulation – optimized solu-
tion

For the purpose of evaluating the influence of the change
in the cutting elements setup, new values of the resistance

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137122 5
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force were determined with use of the DEM model. Figure 15
presents the trace of the torque on the cutting wheel and Fig. 16
presents the torque required for slewing.

Fig. 15. Torque load of the cutterhead drive shaft – optimized solution

Fig. 16. Torque load of the slewing motion – optimized solution

The effective reference values of the obtained characteristics
were determined. Torque on the cutterhead drive shaft equals:

RMSS1cutterhead ∼= 10316 Nm , (10)

Torque on the ladder (slewing motion) equals:

RMSS1ladder ∼= 631560 Nm . (11)

Due to the fact that optimized position of the cutting teeth was
significantly different from the original one, the new shape of
cutting wheel with buckets must have been developed. As pre-
viously, simulations with new geometry of the wheel and cut-
ting tools setup, were run to assess the influence on the resis-
tance forces of excavation. Figure 17 presents the simulation
with new geometry of the wheel and new shape of the teeth
which was optimized to the new position on the wheel.

Fig. 17. Example of the mining process simulation – new solution of
bucket wheel

Traces of the obtained torque values of the optimized solu-
tion are presented in Figs. 18 and 19.

Fig. 18. Torque load of the cutterhead drive shaft – new solution

Fig. 19. Torque load of the cutterhead drive shaft – new solution

As previously, the effective reference values of the obtained
characteristics were determined in stable interval of the trace.
Torque of the cutterhead drive shaft equals:

RMSS2cutterhead ∼= 10394 Nm , (12)

Slewing torque equals:

RMSS2ladder ∼= 565440 Nm . (13)

3.5. Assessment of the solutions. After the numerical simu-
lations, it was possible to evaluate all solutions. All loads for the
bucket wheel are shown in Figs. 20 and 21, and for the slewing
torque in Figs. 22 and 23. Figures 21 and 23 show fragments of
graphs for which RMS values were determined.

Fig. 20. Torque load of the cutterhead drive shaft – comparison

The determined RMS values of the loads are listed in Table 3.

Comparing the determined RMS values of loads, the refer-
ence is the value for the simulation with the solution of teeth
and bucket wheel currently used on the dredger. The differences
in percentages, between the solutions, are shown in Table 4.
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tance forces of excavation. Figure 17 presents the simulation
with new geometry of the wheel and new shape of the teeth
which was optimized to the new position on the wheel.

Fig. 17. Example of the mining process simulation – new solution of
bucket wheel

Traces of the obtained torque values of the optimized solu-
tion are presented in Figs. 18 and 19.

Fig. 18. Torque load of the cutterhead drive shaft – new solution

Fig. 19. Torque load of the cutterhead drive shaft – new solution
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characteristics were determined in stable interval of the trace.
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Fig. 20. Torque load of the cutterhead drive shaft – comparison

The determined RMS values of the loads are listed in Table 3.

Comparing the determined RMS values of loads, the refer-
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and bucket wheel currently used on the dredger. The differences
in percentages, between the solutions, are shown in Table 4.
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Fig. 21. Torque load of the cutterhead drive shaft – comparison – RMS
values

Fig. 22. Torque load of the ladder – comparison

Fig. 23. Torque load of the ladder – comparison – RMS values

Table 3
Torque comparison

Move
Torque RMS [Nm]

Current Optimized New
solution model solution

Cutterhead rotation 12 102 10 316 10 394

Dredger slew 818 890 631 560 565 440

Table 4
Differences, in percent, between the solutions

Move
Relative torque change [%]

Current Optimized New
solution mode solution

Cutterhead rotation 100 85 86

Dredger slew 100 77 69

The additional parameter of the solution assessment is the
cutting process itself. The obtained results of the soil fragmen-

tation, after the cutting tool pass for current solution and new
solution, were compared and are shown in Figs. 24 and 25.

Fig. 24. Soil block after the cutting process – current solution of cut-
terhead

Fig. 25. Soil block after the cutting process – new solution of cutter-
head

In the case of the current solution of the cutterhead, the soil
block after the tool pass is unfavorable. Point 1 in Fig. 24 in-
dicates that the teeth on the wheel are misplaced. In this point,
the material has not been detached along its entire length. The
efficiency of the cutting process is unsatisfactory. Point 2 repre-
sents the unbonded material and this is because there is no tooth
on the bucket wheel at this point. In the soil block presented in
Fig. 25, it can be noticed that the appropriate spacing of the
teeth and the change in their number resulted in not only reduc-
ing the loads, but also increasing the efficiency of the process
by collecting all the material.

3.6. Final adjustments and shaping. Once the geometri-
cal and operational parameters were determined, the strength
checkout is required to assure safe and reliable operation. A
discrete model based on 820206 finite elements spanned on
1265092 nodes was built. Linear structural analyzes were per-
formed. In the analyzed case, the influence of the position of
the teeth on the buckets on the wheel effort was checked. Fig-
ure 26 presents the simulations performed simultaneously with
the development of the new shape and position of cutting tools.
Simulations at that state may give additional crucial informa-
tion about scale of the required changes. In the presented case,
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the new support for teeth was required both due to the position-
ing and strength requirements.

Fig. 26. Additional possibilities of the presented method – numerical
simulations using FEM

In the end when final solution is defined, detailed simula-
tions, including fatigue resistance, should be performed. The
final, optimized shape of the new wheel and cutting elements is
presented in Fig. 27.

Fig. 27. Optimized shaped of the wheel and cutting tools

4. Conclusions

Operation in the geological conditions to which the machine
was not designed, requires adaptation which may require de-
tailed analysis. Profit from such work is the optimization of
the technological process and ensuring its high efficiency, often
higher than before the modernization. This is particularly im-
portant in highly energy-consuming processes, where the tech-
nological equipment used requires a large amount of energy. In
such a case, even a few percent improvement in the efficiency
gives significant financial savings, and also allows to reduce
the negative impact on the environment, due to lower specific
energy consumption (e.g., energy consumption per ton of exca-
vated material or cubic meter of final product in the technolog-
ical process). In order to be able to carry out such a process of

adapting and modernizing the existing machine, it is necessary
to conduct a series of simulation and experimental tests.

These activities define the method developed by the authors
of this paper. The use of the method is presented on the example
of the process of underwater mining of sand by the cutting head
of the dredger. For this purpose, the following activities were
conducted:
• 3D scanning of the existing design, which allows the assess-

ment of the correctness of the construction in accordance
with the design assumptions and creation of a virtual 3D
model serving as an input for numerical analyzes.

• Identification or measurements of loads acting on the ma-
chine before modernization.

• Numerical simulations based on DEM, in the scope of:

− validation of the numerical model with the use of the
identified operational parameters of the existing design,

− assessment of the correctness of the adopted type of
tooth,

− assessment of the correctness of the distribution of teeth
on the bucket wheel in terms of the number of teeth and
cutting angles,

− development of a new solution or optimization of the ex-
isting one based on the adopted criteria and process opti-
mization assumptions.

• Numerical simulations based on FEM, in the scope of:

− Verification of the new solution in terms of ultimate and
fatigue strength

− Optimization of the above parameters.

The use of the developed method in the process of modern-
ization of the cutting head of the dredger to the new operating
conditions (increasing the cutting resistance), was carried out in
two stages.

In the first stage, the existing cutting wheel design was opti-
mized by changing the layout and correcting the cutting angles
of the existing teeth. This resulted in an improvement in the
efficiency of the cutting process by an average of 19%, which
causes reduction of the cutting resistance while maintaining the
output of the machine. Alternatively, it is possible to increase
the output by using the obtained power reserve of the machine
drives.

In the second stage, a new design for the cutting system of
this machine was developed, dedicated to the current operating
conditions. This allowed to improve the efficiency in relation to
the initial variant of the mining process by an average of 22%.

The presented approach to the modernization process brings
significant effects of improving the efficiency of the mining pro-
cess, and thus it is fully justified from the economical and eco-
logical point of view.
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