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Abstract. During dredging operations, cutter teeth undergo severe mechanical wear due to continuous rock
impact and abrasion, significantly reducing operational efficiency and equipment lifespan. This study inves-
tigates force distribution and wear mechanisms using a three-dimensional discrete element model developed
in EDEM (commercial discrete element method software developed by DEM Solutions, UK), incorporating a
bonded-particle rock representation to simulate excavation under varying operational parameters. Simulation
results reveal distinct mechanical patterns: cutter teeth located at the hub side experience substantially higher
stress concentrations, with wear accumulation approximately 30 times greater than that on the large-ring side.
Material loss is most pronounced on the upper surfaces of the teeth. Cutting force increases nonlinearly with
traverse speed and decreases with rotational speed, while variations in cutting angle have a minimal effect within
the tested range. Systematic analysis identifies the optimal operational regime as a traverse speed of 0.2 m s−1

combined with a rotational speed of 20 rpm, corresponding to the lowest specific energy consumption. These
findings provide a theoretical basis for improving dredger performance through targeted reinforcement of key
components, optimization of operational parameters, and predictive maintenance based on quantified wear pat-
terns.

1 Introduction

Dredging engineering is a critical infrastructure compo-
nent supporting global economic development and socio-
environmental sustainability. In the Chinese context, it plays
a pivotal role in coastal infrastructure development, partic-
ularly in harbor construction, navigational channel mainte-
nance, and ecological remediation projects. The cutter-head
system, serving as the core component of cutter suction
dredgers (CSDs), determines operational efficiency through
its rock-cutting performance. However, prolonged marine
and fluvial operations present a significant engineering chal-
lenge: continuous rock cutting induces severe structural
degradation and abrasive wear on cutter teeth. Empirical ob-
servations confirm that wear progression correlates directly
with exponential efficiency decline, manifested in increased
energy consumption (12 %–18 % per 100 operating hours)
and reduced excavation rates. A mechanistic understanding

of cutter tooth stress distribution and wear patterns is thus
essential for enhancing operational efficiency and optimizing
maintenance protocols in modern dredging systems.

In recent years, research on tool cutting has advanced
rapidly. Evans (1965) derived a cutting-force equation
by studying the mechanical process of cutting coal rock
with cutter teeth; their theoretical model integrated tensile
strength with geometric parameters. Miedema (1989) de-
veloped a dynamic cutting-force model for water-saturated
sandy soils, coupling nonlinear soil–tool interactions with
ship motion equations. Their work highlighted the critical
impact of wave-cutting force and anchorage system coupling
on dredger motion continuity. Abo-Elnor et al. (2004) simu-
lated soil–blade interaction and soil-cutting forces in sandy
soil using advanced three-dimensional finite-element analy-
sis. Ibrahmi et al. (2013) applied finite-element analysis to
optimize cutter tool design. Huang et al. (2016) conducted
numerical simulations of the rock-cutting process using a sin-
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gle conical tooth under deep-well mining conditions. Ouyang
et al. (2020) proposed the Crushed Zone Expansion-Induced
Tensile Damage (CEIT) model to predict the peak cutting
force of cutters. Liu et al. (2023) investigated the effects of
deep-sea pressure on cutting force and specific energy in
rock breaking using a single gouge pick. Their findings in-
dicated that hydrostatic pressure increases both cutting force
and energy requirements, while reducing rock fragment size.
Vijayan et al. (2021) examined the influence of shaft size
and coupling strength on vibration transmission under shock
loads during dredger operation. Yuan et al. (2025) proposed
a predictive method based on an improved specific cutting
energy model that integrates parameters of the cutting and
pumping systems to evaluate the cutting energy efficiency of
cutter suction dredgers.

Due to the inherent fractures and cracks within rock, the
discrete element method (DEM) offers effective simulation
of geotechnical properties in marine engineering contexts.
Kozicki and Donzé (2008) developed open-source software
using a discrete material description to study geotechnical
materials. Yu and Xia (2012) used DEM to simulate rock
samples with two initial cracks at varying angles. Wang
and Yin (2020) modeled crushed particles via a substitu-
tion method and explored particle crushing effects on cais-
son foundation behavior. Wang et al. (2024) calibrated coal–
rock parameters of a discrete element model through labo-
ratory tests and statistical design to improve the accuracy of
coal-cutting simulation. Li et al. (2025) used a discrete el-
ement model to investigate how kinematic parameters and
rock properties affect the cutting performance and energy
consumption of oscillating disk cutters. Li et al. (2021) built a
three-dimensional DEM cutting model to evaluate the struc-
ture of a reverse-rotating milling machine and compared
cutting loads between reverse and single-drum configura-
tions. Nieuwboer et al. (2023) proposed a discrete element
method–finite-volume method (DEM–FVM) coupling ap-
proach to simulate spills, using a smoothing kernel to map
forces and concentrations between discrete and fluid meshes.
Ling et al. (2024) used EDEM to study the influence of tool
insertion depth, spacing, installation radius, and phase dif-
ference on average tool load in disk hob cutting, identifying
conditions for minimal specific energy. Song et al. (2022)
analyzed the drilling performance of impregnated microbits
and discussed the influence of operating parameters on cut-
ting forces and wear characteristics, providing valuable in-
sights into rock-breaking and tool wear mechanisms. Yin et
al. (2025) investigated the tooth surface wear behavior of he-
lical gears under mixed elastohydrodynamic lubrication us-
ing a modified Archard wear model, which offers a useful
reference for wear prediction and energy dissipation anal-
ysis in cutting processes. Verhoef (2017) investigated rock
properties affecting mechanical cutting and tool wear, vali-
dating a predictive model for mechanical excavation. Zhang
et al. (2023) developed a DEM-based numerical model for
bottom-cutting circular cutters, analyzing the effects of depth

of cut, tip width, and cutting angle on wear. Although DEM
is widely applied in simulating tool–rock interaction, its ap-
plication in modeling dredging cutter wear remains relatively
underdeveloped.

This study uses EDEM to establish a cemented particle
model of rock, simulates the cutter’s dynamic cutting pro-
cess, and analyzes the wear patterns and forms on different
cutter teeth. Through cutter tooth assembly modeling, forces,
torque, and specific energy under various working conditions
are examined to identify optimal conditions for improving
the operational efficiency of CSDs.

2 Three-dimensional modeling of the cutter

The most complex aspect of three-dimensional cutter mod-
eling is the spatial geometry of the cutter arm. The surface
is defined by two contour lines – inner and outer – and their
intersection in space determines the cutter arm’s profile. This
requires transforming the problem into one involving projec-
tions in the cutter axis and cutter planes. The structural pa-
rameters of the rock-cutting cutter are listed in Table 1.

Referring to the cutter arm contour line equation, the ex-
pression of the arm contour line equation is calculated as

1. the spatial equation of the outer contour line of the knife
arm, x = 265.6sinθ
y = 583.3cosθ + 291.7
z= 1125sinθ

, (1)

2. the spatial equation of the inner contour line of the knife
arm, x = 230.6sinθ − 241.3
y = 380.9cosθ + 291.7
z= 1025sinθ

. (2)

To analyze wear on different cutter teeth, the cutter arm and
teeth were assembled during modeling, allowing individual
tooth analysis in EDEM’s post-processing stage. The three-
dimensional cutter assembly model is shown in Fig. 1.

3 Wear simulation modeling

3.1 Hertz–Mindlin contact model

The contact model selection is based on the nature of the ma-
terials. Rock, an anisotropic and non-homogeneous material,
breaks and fractures under cutting forces. To simulate par-
ticle bonding, this study adopts the Hertz–Mindlin contact
model, which is the default in EDEM due to its accuracy and
computational efficiency. In this model, the normal force Fn
is a function of the normal overlap δn, defined as

Fn =
4
3
E∗
√
R∗δ

3
2
n . (3)
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Table 1. Structural parameters of the cutter.

Serial Parameter name Unit Parameter Parameter
number code value

1 Cutter outer diameter mm D 1750
2 Large-ring outer diameter mm D1 1750
3 Large-ring inner diameter mm D2 1430
4 Large-ring wall thickness mm δ 90
5 Number of arms n Z 6
6 Height of the apex of the outer contour line of the tool arm mm H 1125
7 Cutter arm width mm B 315
8 Height of the apex of the inner contour of the tool arm mm h 1025
9 Cutter arm mounting angle ° θ 50
10 Tool arm outer contour line wrap angle ° ∝ 1 75
11 Tool arm inner contour line wrap angle ° ∝ 2 57
12 Wheel outer diameter mm d1 550
13 Wheel inner diameter mm d2 400
14 Wheel height mm h1 340

Figure 1. Three-dimensional model of the cutter head.

Equivalent Young’s modulusE∗ and equivalent radiusR∗ are
defined as

1
E∗
=

(
1− v2

i

)
Ei

+

(
1− v2

j

)
Ej

, (4)

1
R∗
=

1
Ri
+

1
Rj
, (5)

where Ei , vi , and Ri and Ej , vj , and Rj are the Young’s
modulus, Poisson’s ratio, and radius of each contact sphere.

The damping force F d
n is

F d
n =−2

√
5
6
β
√
Stm∗v

rel
n , (6)

β =
− lne√

ln2e+π2
, (7)

Sn = 2E∗
√
R∗δn, (8)

m∗ =

(
1
mj
+

1
mi

)−1

, (9)

where e is the recovery coefficient, and vrel
n is the relative

normal velocity.

3.2 Bonding v2 model

The Hertz–Mindlin with bonding model describes interac-
tions between bonded particles. A bond is created upon con-
tact and resists both normal and tangential motions until the
stress exceeds a critical threshold, at which point the bond
breaks. This effectively simulates fracture and crushing in
rock and concrete. Once bonding is established, forces and
torques are initialized to zero and adjusted incrementally at
each time step as follows:

δFn =−νnSnAδt, (10)
δFt =−νtStAδt, (11)
δMn =−ωnStJδt, (12)

δMt =−ωtSn
J

2
δt, (13)

where A= πR2
B and J = 1

2πR
4
B.
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Table 2. Key bonding parameter settings.

Parameter Symbol Unit Value

Stiffness per unit area kn N m−3 7.2× 1011

Stiffness per unit area kt N m−3 1.6× 1010

Normal strength σn MPa 7.00
Shear strength τt MPa 0.55
Bond disk radius rb mm 15

Figure 2. Schematic diagram of Brazilian splitting.

The bond is broken when the normal and tangential shear
stresses exceed predefined values:

σmax <
−Fn

A
+

2Mt

J
RB, (14)

τmax <
−Ft

A
+
Mn

J
RB. (15)

This study uses a soft-rock material with a compressive
strength of 2.40 MPa and tensile strength of 0.5 MPa. The key
bonding parameters are listed in Table 2 (Tian et al., 2019).

Virtual uniaxial compression and Brazilian splitting tests
were conducted to determine the compressive and tensile
strengths of the bonded-particle model. Strength is calculated
from the force at which the bonded particles fail macroscop-
ically.

For the Brazilian test, the particle bed was modeled as a
1200 mm diameter, 600 mm thick disk. At t = 0, the upper
platen applied pressure at 0.1 m s−1 until the sample split.
The schematic and force diagrams are shown in Figs. 2 and
3, respectively.

The uniaxial compression test used a cylinder with a
350 mm radius and 1600 mm height. At t = 0, the upper
platen compressed the sample downward at 0.01 m s−1 until
failure. The virtual uniaxial compression simulation showed

Figure 3. Force diagram of the upper platen.

Figure 4. Uniaxial compression damage diagram.

that bond breakage was first initiated in the central region
of the specimen and gradually propagated along an inclined
plane, forming a typical shear failure pattern consistent with
the failure mode observed in the physical uniaxial compres-
sion test.The resulting damage schematic and force diagrams
are shown in Figs. 4 and 5.

The compressive and tensile strengths were calculated by
substituting the peak platen forces into the following equa-
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Figure 5. Upper platen force diagram.

tions:

σc =
Fmax

πR2 , (16)

σt =
2Fmax

πDL
. (17)

The calculated uniaxial compressive strength is 2.11 MPa,
and the Brazilian splitting strength is 0.47 MPa. These val-
ues meet the required strength criteria for soft-rock simula-
tion, indicating that the parameter calibration is complete.

3.3 Archard wear model

The Archard wear model is a contact model that extends the
base interaction model to estimate the depth of wear on ge-
ometric surfaces. Developed by John F. Archard in 1953,
the model is based on the principle that the volume of ma-
terial removed from a surface is proportional to the frictional
work performed by particles sliding over it. The model de-
fines wear depth using Archard’s equation, which incorpo-
rates both frictional energy and the geometric characteristics
of the surface. Archard’s equation is expressed as follows:

Q=WFndt, (18)

where Q is the volume of material removed, dt is the tan-
gential distance traveled, andW is the wear constant initially
defined as

W =
K

H
, (19)

where K is a dimensionless constant, and H is the hardness
measure of the softest surface (based on Vickers hardness in
Pa). This was reduced to a single wear constant for ease of
use in EDEM.

Figure 6. Cutter model setup.

As the equations predict volumetric material removal, they
are rearranged in the software to yield wear depth at each
computational cell.

wear depth=
Q

A
(20)

In the EDEM software, we set the wear constant W in Pa−1.
In this study, given the limited cutting time, the actual wear
generated is minimal and difficult to quantify experimentally.
Therefore, the wear constant W = 1× 10−12 was selected
based on literature research to enable qualitative analysis of
the cutter’s wear behavior.

4 Cutter cutting simulation process

4.1 Establishment of rock particle beds

For the EDEM particle bed generation, spherical particles
were used to simplify calculations. The particle radius was
set to 15 mm with a standard deviation of 0.5 under a nor-
mal distribution, producing particles ranging from 11.25 to
18.75 mm. The bonding contact radius was set to 20 mm.
The particle bed dimensions were 2 m (length)× 1.5 m
(width)× 1.5 m (height). A total of 199 813 particles were
generated using dynamic particle generation.

The cutter model, designed in SolidWorks (Sect. 1), was
imported into EDEM. Material properties were defined as
follows: Poisson’s ratio= 0.3, density= 7800 kg m−3,
shear modulus= 8× 1010 Pa, and Young’s modu-
lus= 2.08× 1011 Pa. The cutter and cutter teeth were
positioned appropriately. The initial position is shown in
Fig. 6.

4.2 Simulation parameter settings

Before conducting the numerical simulation of cutter–rock
interaction, it is necessary to appropriately define the simula-
tion domain and related computational parameters to ensure
both accuracy and efficiency. The setup mainly includes (1)
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defining the cutter motion, (2) determining the simulation do-
main, (3) specifying the total simulation time and time step,
(4) setting the data output frequency, and (5) defining the
mesh size.

1. Setting the motion state of the cutter head. After import-
ing the cutter-head model, linear translation and rota-
tion were applied to define its motion. The “move-with-
body” option was enabled for the rotational motion to
ensure that the rotation axis followed the cutter body,
and appropriate transverse velocity and rotational speed
were assigned according to actual operating conditions.

2. Determination of the simulation domain. The size of
the simulation domain has a significant influence on
computational efficiency and result accuracy. An exces-
sively large domain increases the computational cost,
while an overly small one may cause particles to escape
from the boundaries, leading to unrealistic results. Since
the cutting process of the cutter head proceeds contin-
uously, an auto-capture approach was adopted in this
study to dynamically adjust the simulation domain dur-
ing cutting.

3. Time step and total simulation time. In EDEM, the time
step is defined as a fraction of the Rayleigh time step
to ensure numerical stability. In this study, the time step
was set to 5 % of the Rayleigh time, corresponding to
6.7× 10−7 s, and the total simulation time was set to
7 s. These values provide a good balance between com-
putational accuracy and stability.

4. Data output frequency. The data output frequency deter-
mines the temporal resolution of the recorded data dur-
ing simulation. A very small output interval increases
storage requirements, whereas a large interval reduces
the accuracy of the results. Considering both precision
and computational efficiency, the data output interval
was set to 0.1 s.

5. Definition of mesh size. During the discrete element
simulation, the computational domain is discretized into
grids for contact detection and force calculation. The
mesh size directly affects both numerical accuracy and
computational speed. In this study, the mesh size was
defined as 3Rmin, where Rmin is the minimum particle
radius, which ensures a suitable balance between accu-
racy and efficiency.

4.3 Visualization of the cutter cutting process

At 0.8 s, the cutter begins reverse cutting as it contacts the
particle bed. As the cutter rotates, it applies force to the bed,
breaking the bonds between particles. The rock material be-
neath the cutter teeth fractures into varying fragment sizes.
Some unbroken bonded regions cause rock particles to be

ejected outside the cutter’s envelope, while others are re-
tained inside the cutter arms. To guide debris flow for subse-
quent removal, the cutting process continues until 7 s, ensur-
ing each cutter arm completes at least two full cutting cycles.
The cutting process is illustrated in Fig. 7.

5 Data analysis of cutter discrete element
rock-cutting results

5.1 Cutter teeth wear

With a traverse speed of 0.2 m s−1, rotational speed of
30 rpm, and cutting angle of 30°, eight cutter teeth on one
cutter arm were selected for wear analysis. The wear of cut-
ter teeth no. 1 through no. 8 is shown in Fig. 8. The maxi-
mum wear per tooth is shown in Table 3. Each tooth exhibits
a stepped wear pattern due to simultaneous engagement with
the rock. Friction between the rock and teeth increases cut-
ting force, leading to rapid wear until the rock fractures. Once
broken, the cutter tooth force drops sharply, and the wear
curve flattens.

Quantitative analysis of the wear gradient distribution re-
veals that tooth no. 1, located near the hub, experiences
the most wear (average thickness loss on the front/side/rear
flanks: 3.56× 10−4 mm), while tooth no. 8, located near the
outer ring, shows the least wear (average thickness loss:
1.3× 10−5 mm) – a nearly 30-fold difference. This aligns
with real-world wear behavior. Teeth on the outer ring ex-
perience lower contact angles and shallower cuts, which re-
duce abrasive and adhesive wear. In contrast, hub-side teeth
encounter larger cutting angles and deeper cuts, altering the
direction of resultant cutting forces. This increases inter-
face friction and prolongs cutting time, intensifying deforma-
tion and wear diffusion. Wear results for all six cutter arms
are presented in Fig. 9, confirming the consistent pattern of
greatest wear at the hub side and the least wear at the outer
ring. These findings suggest that hub-side teeth require closer
monitoring and timely replacement.

5.2 Knife tooth contact mechanism

The Relative Wear model in EDEM identifies regions of
high-impact (normal) and abrasive (tangential) wear by an-
alyzing relative velocity and contact forces between parti-
cles and geometry. While EDEM does not calculate an abso-
lute material removal rate, forward and tangential cumulative
contact energies provide insight into wear intensity. These
values represent energy from direct particle impacts and slid-
ing along the surface, respectively. In this study, the forward
and tangential cumulative contact energies for the most worn
cutter tooth were extracted to analyze the wear mechanism.
A comparative energy profile is shown in Fig. 10.

The interaction force between the rock and cutter tooth
surface can be decomposed into normal force (N ) and tan-
gential force (T ). The normal force presses the material into
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Figure 7. The process of cutter cutting.

Figure 8. Wear amount of cutter teeth on the same cutter arm.

the tooth surface, while the tangential force causes it to slide
along the surface, generating wear. As shown in the figure,
tangential cumulative contact energy exceeds forward en-
ergy, indicating that chisel-type abrasive wear is the domi-
nant wear mode. This is consistent with microscopic cutting
mechanisms. Similar wear energy patterns were verified for
the other cutter teeth.

During post-processing, the moment of maximum cutter
tooth engagement was selected, and both force and wear dis-
tribution maps were extracted (Fig. 11). These reveal that re-
gions experiencing higher forces closely align with areas of
severe wear, particularly at the tooth tip and the lower side.
Wear on the upper surface of the tooth was also found to be
more pronounced than on the lower surface.
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Table 3. Maximum wear of each cutter tooth.

Cutter 1 2 3 4 5 6 7 8
tooth

Wear 3.56× 10−4 2.55× 10−4 5.2× 10−5 1.44× 10−4 1.79× 10−4 1.84× 10−4 1.07× 10−4 1.3× 10−5

(mm)

Figure 9. Comparison of blade teeth wear of different blade arms.

Figure 10. Contact energy of cutter teeth.

5.3 Cutter rock-cutting force and torque analysis

In the above study, the force and wear of the cutter were an-
alyzed under conditions of a traverse speed of 0.2 m s−1, a
rotational speed of 30 rpm, and a cutting angle of 30°. In the
post-processing stage, the total cutting force and torque of the
cutter were examined. These are shown in Fig. 12. During the
rock-cutting process, fractured rock pieces detach from the
surface, causing the force and torque values to exhibit pro-

nounced oscillations and intermittent zeros. As the cutting
deepens, the cutter engages more fully with the material, re-
sulting in a gradual increase in force, consistent with realistic
cutting conditions.

For soft rock with a compressive strength of 2.40 MPa and
a tensile strength of 0.5 MPa, experimental studies by Zhang
et al. (2018) report an average cutting torque of 5464 Nm.
The average simulated torque in this study is 6093.3 Nm,
with a relative error of 11 %, indicating good agreement be-
tween the simulation results and experimental data.

5.4 Analysis of cutter cutting under different working
conditions

In practical dredger operations, cutter parameters must be ad-
justed according to working conditions. These include tra-
verse speed, rotational speed, and cutting angle, all of which
significantly influence cutting force and torque. In this sec-
tion, the impact of these parameters is analyzed by varying
them individually to explore their effects and to identify gen-
eral trends.

The selection of working condition parameters was based
on typical operating ranges of cutter suction dredgers in
soft-rock dredging projects, as reported in engineering prac-
tice and previous studies. To ensure the representativeness
and practical relevance of the simulations, traverse speeds of
0.15–0.3 m s−1, rotational speeds of 20–40 rpm, and cutting
angles of 20–40° were adopted. These ranges correspond to
the common operating conditions under moderate soil resis-
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Figure 11. Cloud diagram of force and wear on cutter teeth.

Figure 12. Total force and torque of cutter cutting.

tance, allowing for a comprehensive analysis of the influence
of each parameter on cutter forces, torque, and energy con-
sumption.

First, keeping the cutter’s rotational speed fixed at 30 rpm
and the cutting angle at 30°, the traverse speed was varied
across four values: 0.15, 0.2, 0.25, and 0.3 m s−1. Simula-
tions were conducted, and data from 2 s onward (when the
cutter fully engages with the rock) were analyzed. Figure 13
presents the cutting force at different traverse speeds, Fig. 14
shows the corresponding torque, and Fig. 15 summarizes the
average values. The average total force and torque of the cut-
ter at different speeds are shown in Table 4.

The results clearly demonstrate that traverse speed signif-
icantly affects cutter force. As traverse speed increases from
0.15 to 0.3 m s−1, average cutting force rises from 10 227.7
to 39 880.7 N, while average torque increases from 3718.6 to
10 369.2 Nm. This nonlinear increase follows a quadratic re-
lationship: as traverse speed increases, so does cutting thick-
ness, leading to a squared growth in cutting force (i.e., F ∝
v2). Therefore, in conditions involving excessive cutter load-

ing, reducing traverse speed can effectively lower the resul-
tant force on the cutter head and improve operational safety.

Next, cutter rotational speeds of 20, 25, 30, 35, and 40 rpm
were tested at fixed traverse speeds of 0.2 and 0.25 m s−1,
with a constant cutting angle of 30°. The force and torque
data under these conditions are shown in Figs. 16 and 17,
and the average values are compared in Fig. 18. Average total
force and torque data are shown in Tables 5 and 6.

By comparing cutter forces under different rotational
speeds at traverse speeds of 0.2 and 0.25 m s−1, the total cut-
ting force and torque were obtained. It was observed that
both total force and torque decrease as the cutter’s rotational
speed increases. This phenomenon arises from the influence
of cutting thickness on the rock crushing force. As the cut-
ter’s rotational speed increases, the frequency of contact be-
tween the cutter teeth and the rock increases per unit time,
leading to a decrease in the cutting thickness per tooth. At
lower rotational speeds, the cutter experiences higher cut-
ting forces and torque. As the speed increases, the load on
the cutter decreases and gradually stabilizes, with the rela-
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Figure 13. Comparison of cutting forces at different speeds.

Figure 14. Comparison of torque at different speeds.

Figure 15. Comparison of average cutting force and torque at dif-
ferent speeds.

tionship between cutting force and rotational speed approx-
imated as F ∝ n−1. Cutter speed also significantly affects
fragment size: higher speeds produce smaller rock fragments,
which facilitates debris transport. Compared with traverse
speed, the cutter’s rotational speed has a smaller impact on
cutter load. Therefore, it is recommended to first calibrate
the traverse speed to control peak loads, followed by adjust-
ments to the rotational speed to optimize energy consump-

tion in practical applications. The following section analyzes
the effect of cutting angle on cutter performance. The cutting
forces and torques under different cutting angles are shown
in Fig. 19. Average total force and torque under different cut-
ting angles are shown in Table 7.

When only the cutter angle is varied, the average cutting
force and torque remain within a normal fluctuation range at
angles of 10, 20, and 30°, suggesting that the cutting angle
has limited influence on average force and torque. However,
the fluctuations in force and torque are more pronounced at
smaller cutting angles. The cutter operates more smoothly at
a cutting angle of 30°, indicating improved operational sta-
bility under this condition.

According to the calculation based on the results under
various operating conditions, the optimal scenario for mini-
mizing force and wear on the cutter involves a lower traverse
speed and higher rotational speed. However, excessively high
rotational speed can increase power consumption, and ex-
cessively low traverse speed can reduce dredging efficiency.
Therefore, operational parameters should be selected based
on a balanced consideration of energy efficiency, equipment
wear, and project timelines.
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Table 4. Average total force and torque of the cutter at different speeds.

Traversing speed (m s−1) 0.15 0.2 0.25 0.3

Average cutting force (N) 10 227.7 18 038.9 28 488.8 39 880.7
Average torque (Nm) 3718.6 6093.3 8088.9 10 369.2

Figure 16. Cutting at different speeds at a traverse speed of 0.2 m s−1.

Figure 17. Cutting at different speeds at a traverse speed of 0.25 m s−1.

https://doi.org/10.5194/ms-16-931-2025 Mech. Sci., 16, 931–945, 2025
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Figure 18. Comparison of data at traverse speeds of 0.2 and 0.25 m s−1.

Table 5. Average total force of the cutter at different speeds.

Cutting 20 rpm 25 rpm 30 rpm 35 rpm 40 rpm
parameters

0.2 m s−1 29 003.8 N 23 531.6 N 18 038.9 N 15 213.5 N 12 890.2 N
0.25 m s−1 49 249.7 N 36 561.8 N 28 488.8 N 24 356.1 N 18 919.2 N

Table 6. Average torque of cutter at different speeds.

Cutting 20 rpm 25 rpm 30 rpm 35 rpm 40 rpm
parameters

0.2 m s−1 7618.8 Nm 6815.1 Nm 6093.3 Nm 5216.1 Nm 4635.4 Nm
0.25 m s−1 11 062.4 Nm 9672.1 Nm 8088.9 Nm 7091.8 Nm 6430.3 Nm

Table 7. Average total force and torque for cutters with cutting an-
gles of 10, 20, and 30°.

Cutting angles (°) 10 20 30

Average cutting force (N) 18 309.6 17 892.4 18 038.9
Average torque (Nm) 6029.2 5587.3 6093.3

5.5 Specific energy of cutter cutting under different
working conditions

Notably, force and torque alone are not sufficient indicators
of cutting efficiency. A more comprehensive metric is spe-
cific cutting energy, defined as the energy consumed per unit
volume of removed material. It is a key parameter for evalu-
ating cutting performance and is calculated as

η =
2πnT +Fnν

Sν
, (21)

where n is the rotational speed of the cutter, T is the torque
of the cutter, Fn is the transverse cutting force of the cutter,

v is the transverse speed of the cutter, and S is the cutting
area of the cutter. As shown in Fig. 20, the cutter cutting area
S was calculated as 0.699 m2 using EDEM post-processing.
The transverse cutting forces under different conditions are
listed in Table 8.

Substituting the relevant values into Eq. (21), the specific
energy results are shown in Fig. 21 and Table 9.

Analysis of the specific energy values shows that at lower
rotational speeds, specific energy increases noticeably with
speed, but the rate of change levels off at higher speeds.
Conversely, an increase in traverse speed leads to a signif-
icant rise in specific energy. From the results, the optimal
operating condition for cutting soft rock is a traverse speed
of 0.2 m s−1 and a rotational speed of 20 rpm, yielding the
lowest specific energy of 130.5 kJ m−3. Under this condition,
cutter force and wear are also minimal, making it the most
efficient configuration for soft-rock cutting.
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Figure 19. Cutting comparison for different cutting angles.

Table 8. Transverse cutting force under different working conditions.

Cutting 20 rpm 25 rpm 30 rpm 35 rpm 40 rpm
parameters

0.2 m s−1 11 427.6 N 9585.2 N 7709.1 N 6269.2 N 5146.4 N
0.25 m s−1 19 304.3 N 15 548.1 N 11 944.2 N 9058.9 N 7129.3 N

Table 9. Specific energy of cutter cutting under different working conditions.

Cutting 20 rpm 25 rpm 30 rpm 35 rpm 40 rpm
parameters

0.2 m s−1 130.5 kJ m−3 141.3 kJ m−3 147.9 kJ m−3 145.7 kJ m−3 146.2 kJ m−3

0.25 m s−1 160.2 kJ m−3 167.1 kJ m−3 162.5 kJ m−3 161.7 kJ m−3 164.3 kJ m−3

Figure 20. Cutting area with 30° cutting angle.

6 Conclusions

This paper simulates the behavior of a dredger cutter cutting
soft rock using the discrete element method (DEM); analyzes
the wear of different cutter teeth; and studies cutter force,
torque, specific energy, and other parameters under varying
working conditions. The main conclusions are as follows:

Figure 21. Comparison of cutter cutting ratio energy under differ-
ent working conditions.

1. A bed of rock particles was established using the
Hertz–Mindlin contact model and the bonded-particle
model. The reliability of the constructed model was ver-
ified through virtual uniaxial compression and Brazil-
ian splitting tests. Cutter tooth wear was analyzed us-
ing the Archard wear model. On the same cutter arm,
the average wear depth of cutter tooth no. 1 (hub side)

https://doi.org/10.5194/ms-16-931-2025 Mech. Sci., 16, 931–945, 2025
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reached 3.56× 10−4 mm, while that of cutter tooth no. 8
(outer ring side) was only 1.3× 10−5 mm – a difference
of nearly 30 times. The cumulative tangential contact
energy was found to be 5 times greater than the for-
ward contact energy, indicating that tangential friction
is the dominant contributor to wear. Severe wear was
observed at the tooth tip, upper surface, and lower side.
Therefore, in practical engineering applications, special
attention should be given to the wear of cutter teeth near
the hub. Surface-hardening techniques may be applied
to the tooth tip and upper surface to increase hardness
and extend service life.

2. The cutter’s force and torque under different operat-
ing conditions were analyzed. When the traverse speed
increased from 0.15 to 0.3 m s−1, the average cutting
force rose from 10 227.7 to 39 880.7 N. Conversely,
when the rotational speed increased from 20 to 40 rpm,
the average cutting force decreased from 29 003.8 to
12 890.2 N. These results show that cutter force and
torque have an approximately inverse linear relationship
with rotational speed and a quadratic growth relation-
ship with traverse speed. Cutting angle had minimal in-
fluence on cutter force and torque. Regarding specific
cutting energy, both increased traverse speed and ro-
tational speed led to higher specific energy consump-
tion, though the rate of increase tapered off at higher
rotational speeds. For the soft-rock conditions studied,
the optimal cutting parameters were a traverse speed of
0.2 m s−1 and a rotational speed of 20 rpm. This con-
figuration achieved the lowest specific energy, cutting
force, and torque, thus improving cutting efficiency and
reducing cutter tooth wear.
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