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Abstract: This paper aims to explore the current state of research on submarine cable burial machines
and proposes a novel mechanical burial machine design employing a chain-type structure based
on a combination of theoretical considerations and practical requirements. Through theoretical
analysis, simulation, and experimental studies, the cutting process of the mechanical burial machine
is investigated in detail, with special attention given to the seabed conditions in the Northeast Asia
region. Starting from the dynamic process of the blade–soil interaction and the working mechanism
of the blade–soil system, an accurate and reliable model for the seabed rock–soil stress is established,
along with a fast computation method. A destructive analysis of rock–soil mechanical cutting is
performed, elucidating the influences of the cutting depth, cutting angle, and chain blade cutting
speed on cutting resistance. This paper provides reference parameters for the design of chain-type
trenching devices under different seabed conditions, and adjustments are made based on simulation
experiments and actual soil trenching test results. These analyses contribute practical and reliable
guidance for the design and optimization of submarine cable burial machines.

Keywords: submarine cable; burial; mechanical cutting mechanism; cutting mechanism; chain-type;
simulation tests

1. Introduction

Submarine cable burial machines are primarily used for trenching operations on the
seabed; submarine cables are buried beneath the seafloor to protect them from external
forces. The origins of submarine cable burial machines can be traced back to the 1940s and
1950s, with the jetting trenching method being employed in nearshore areas. By the 1970s,
as the water depths increased and excavation conditions became harsher, the development
of plough-type and mechanical burial machines was prompted. In the late 1990s to the
early 21st century, three main types of burial machines emerged: jetting, mechanical, and
plough-type. The characteristics of these different types of submarine cable burial machines
are shown in Table 1 [1–5].

Different types of seabed cable laying machines are shown in Figure 1 [1–5].
Mechanical cable laying machines originated in the 1970s and witnessed the rapid

development of deep-water mechanical cable laying technology and equipment in the early
21st century. These machines are primarily used for cutting through strong seabed soils
such as rocks. Mechanical cutting devices like chain saws and disc cutters are employed to
crush or even liquefy hard soils. Mechanical cable laying machines combine mechanical
cutting with jetting or dredging, making them suitable for various seabed soil types.
They overcome the limitations of jetting machines in cutting hard soils and the need
for high-powered towing vessels for plough-type machines. Broadly categorized, they
include chain-type, disc-type, and column-type mechanical cable laying machines based
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on their operational principles [6,7]. Among these, the chain-type machine is simple in
structure, easy to assemble, creates stable trench profiles, and uses a multi-blade chain drive
system to achieve high-speed, low-depth soil cutting. This design allows for continuous
excavation at a slower pace, making it versatile for applications like laying underground
drainage pipelines, telecommunications, and cable installations. It accommodates varying
trench widths and depths, rendering it the most widely adopted mechanical cable laying
machine today.

Table 1. Characteristics of different types of submarine cable burial machines.

Category Characteristics

Jetting Advantages: Simple structure, low cost, easy operation.
Disadvantages: Cannot excavate all types of soil.

Ploughing

Advantages: Low failure rate, fast trenching speed, capable of
excavating various soil types.
Disadvantages: Expensive, requires a high standard for the mother
ship, cannot operate intermittently.

Mechanical
Advantages: Capable of excavating various soil types, suitable for
deep-water operations.
Disadvantages: Complex structure, low operational efficiency.

Figure 1. Different types of seabed cable laying machines. (a) Jetting-type seabed cable laying machine.
(b) Plow-type seabed cable laying machine. (c) Mechanical-type seabed cable laying machine.

This paper primarily focuses on a chain-type structure submarine cable mechanical
burial machine. Through a case study of the cutting process, this paper conducts a compar-
ative analysis between the simulation results and experimental data. This study explores
the impact of various cutting parameters on traction resistance, providing reference pa-
rameters for the optimization design of chain-type trenching machines under different
working conditions.

2. Analysis of Mechanical Soil Cutting Mechanism

Soil cutting is the simplest and most typical soil processing method. The ultimate goal
of analyzing soil cutting is to reduce traction resistance and save energy by optimizing
mechanical structures and operational parameters. Research methods include physical
experimentation and numerical simulation [8–12]. The study of soil dynamics began in
the 1920s, with Soviet scholars systematically studying the plowing process of soil using
mathematical methods. Nichols ML in the United States studied the operation of burial
machinery, but almost all research results are based on physical experiments [13–17].

This paper focuses on the marine bottom sediment characteristics in the Northeast
Asia sea area. Through a theoretical, simulation, and experimental analysis of the dynamic
process of blade cutting soil and the blade–soil working mechanism, it establishes an
accurate and reliable force model of submarine rock and soil, as well as a fast calculation
method. This paper completes the destructive analysis of rock and soil mechanical cutting,
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determines the effects of cutting depth, cutting angle, and chain blade cutting speed on
cutting resistance. Utilizing the analysis of this paper, different chain trenching parameters
for different bottom sediment conditions are determined as design references in the design
process of submarine cable laying machines.

The trenching process using a chain mechanism is illustrated in Figure 2. The hydraulic
control system tilts the working arm of the trenching device at a certain angle. The chain
blades located on the side of the tightened chain move upwards under the action of the
chain. These blades then exert cutting force on the soil, resulting in soil excavation. The
excavated soil, separated by the cutting teeth of the chain blades, is conveyed to the
tensioning sprocket and then unloaded to both sides of the trench through a helical soil
conveyor. As the trenching machine advances, the soil is removed, creating the trench.
After unloading the soil, the chain blades move downward along the upper side of the
trenching device frame. Once they bypass the driven sprocket, they resume cutting the soil,
and this cyclic process allows for continuous excavation [18].

Figure 2. Chain trenching mechanism.

The kinematic relationships are derived based on kinematic and geometric principles,
as shown in Figure 3 [19].

Figure 3. Kinematic relationships. (a) Chain Blade Thickness Vector Diagram. (b) Velocity Schematic.

vx = Pi/
(

3.6 × 103BT HT

)
(1)

va =
√

v2
e + v2

x + 2 cos avevx (2)

where:

Pi is the theoretical productivity;
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vx is the horizontal working speed of the trenching machine;
BT is the trench width;
HT is the trench depth;
va is the absolute movement speed of the trenching machine chain;
ve is the relative movement speed of the trenching machine chain.

α is the angle between ve and vx, which is the angle between the trenching chain
blade and the direction of horizontal movement. The size of angle α directly affects the
filling degree of the soil between the trenching chain blades. According to mechanical soil
mechanics regulations [18], α is generally taken between 48◦ and 65◦, and for the trenching
chain design, α is chosen as 50◦.

From Figure 3, the vector inclination of the absolute velocity va and the expression for
the chain blade cutting thickness can be obtained as follows:

tan β =
ve sin α

ve cos α + vx
(3)

δ = nLc sin(α − β) (4)

where:

vx is the horizontal movement speed of the trenching machine;
Lc is the pitch distance of the trenching chain;
n is the number of blades cutting the soil simultaneously by the trenching machine;
δ is the cutting thickness. Based on existing experimental results, a reasonable cutting
thickness under normal conditions is [20]

δ =
bc

10 ∼ 15
(5)

where bc is the width of the chain blade.
From Equation (4), we have the following:

cot β =
ve sin α + vx

ve cos α
= tan α +

vx

ve
× 1

cos α
(6)

Since in the actual trenching process, vx ≪ ve, the above equation can be simplified as

cot β ≈ tan α (7)

Namely, α ≈ π
2 − β (approximately orthogonal).

The relationship between the motion speed of the trenching machine and the cutting
thickness of the chain blades is shown in Figure 4.

Figure 4. The relationship between the excavation speed of the mechanical soil cutting operation and
the cutting thickness.

Based on this graph, the relationship between the two can be derived as follows:

δ = vx × sin β × 1000 (8)
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For the initially selected chain blade width and pitch, it is necessary to verify their
capacity for soil conveyance and removal. The correctly chosen values should meet the
following conditions [21]:

P ≤ Pi
1

KP
∆ (9)

where:

P represents the actual cutting chain productivity;
Pi is the productivity calculated based on the chain blade’s soil-discharging capacity and
the productivity for continuous operation under the “calculation conditions”;
KP is the soil loosening coefficient;
∆ is the soil spreading coefficient related to the chain speed, as shown in Table 2.

Table 2. The coefficients of dispersion.

ve 0.1 1 1.5 2
∆ 0.97 0.92 0.85 0.75

As the coefficient of dispersion is directly related to the chain blade’s movement speed,
it is necessary to investigate the movement speed of the chain blade. During trenching, the
chain blade is subjected to the driving force and soil resistance, which can lead to the wear
and oscillation of the blade edge and chain link bearings. In order to ensure the quality of
the operation and avoid excessive vibration, there must be certain limitations on the chain
blade’s movement speed. According to the experiments in [22], the former Soviet scholars
recommended a chain blade linear velocity of 1 to 2 m/s. In this paper, the mechanical
cutting components are selected with a chain blade movement speed of 1.5 m/s, resulting
in a corresponding soil dispersion coefficient of 0.85.

The calculation of the soil unloading capacity of the chain blade can be determined by
comparing the chain’s horizontal inclination angle with the soil’s natural repose angle.

When α < φr + arctanhc/Lc,

Pi = 3600bchcve[1 − tan(α − φr)Lc/2hc] (10)

When α > φr + arctanhc/Lc,

Pi = 3600bchcve
hc

2LC
cot(α − φr) (11)

When α < φr,
Pi = 3600bchcve (12)

where:

hc represents the height of the chain blade in the trenching mechanism;
φr is the angle of natural repose.

The angle α between the absolute motion velocity of the chain trencher blade va and
the horizontal motion velocity vx of the trencher is determined based on the experimental
results from the article titled “Operator and Machine Models for Dynamic Simulation of
Construction Machinery”. The chain blade height is generally chosen within the range
of 0.1 to 0.15 m. Considering the potential deformation and breakage of the blade when
encountering obstacles at excessive heights, a smaller chain blade height is preferred while
ensuring effective cutting. In this study, hc is selected as 10 cm; Lc is 25 cm.

As Max(α) = 65◦, the range of values for φr + arctanhc/Lc is as follows:
Substituting into Equation (10) yields

b ≥ 9.2 mm (13)
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By combining Equation (9), we can obtain

π′
p = 3600bchcve[1 − Lc/(2hc) tan(α − φr)] (14)

According to the requirements of the trenching operations, in order to ensure that the
soil cut by the blade can be smoothly carried out of the trench, it is necessary for the width
of the chain blade to be ≥18.4 mm.

The thickness of the upper soil layer cut in the vertical plane along the advancing
direction of the blade is referred to as the cutting depth S. The chain-type trenching machine
uses the rotation of the chain to make the blades on the chain rotate and cut the soil. The
cutting depth S of the chain blade can be calculated using the following equation:

S =
2π

nω
vx (15)

where:

ω represents the angular velocity of the chain axis;
n stands for the number of trenching blades simultaneously engaged in cutting the soil.

Different types of soil exhibit distinct failure mechanisms under specific conditions,
and the optimal shear angle varies for different types of failure mechanisms, leading to
variations in the cutting efficiency of the tools. However, based on existing research, the
magnitude of cutting forces for various failure mechanisms can be calculated using the same
formula. In this paper, the influence of parameters on mechanical trenching mechanisms
will be studied from the perspective of cutting resistance.

During the operation of a chain-type trencher, each chain blade cuts soil into specific
shapes, forming the basis for calculating excavation resistance and productivity. The shape
of the cut soil chips is influenced by the structure of the trencher’s chain blade. For circular
arc chain blades, the formula for calculating the cutting resistance of soil is as follows [23]:

F′
c = Crzδ(bcKB + ZrKs)(1 + 0.256lgve)Kφ (16)

where:

Crz represents the number of impacts for hardness measurement;
bc is the cutting width of the trenching blade;
δ is the cutting thickness of the trenching blade;
Kφ is the influence coefficient of the cutting angle, φ;
Zr stands for the lateral cutting quantity of the trenching blade;
KB is the influence coefficient of the trenching blade’s soil processing;
KS is the proportion coefficient of the trenching blade’s lateral soil cutting.

The closed-side cutting quantity of the trenching blade is determined according to the
trenching blade’s working conditions. Free cutting: Zr = 0; semi-closed cutting: Zr = 1;
and separate cutting: Zr = 2.

The calculated cutting resistance of a single trenching blade is

F = 462.36 N (17)

The number of trenching blades simultaneously engaged with the soil in the longitu-
dinal direction of the arc-shaped trenching blade is denoted as n in the formula.

n =
HT

sin αLc
(18)

where:

α represents the angle between the relative velocity of the trenching chain blade and the
horizontal velocity of movement;
HT denotes the trenching depth;
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Lc stands for the trenching chain pitch.

The total cutting resistance of the trenching arm, Fk, can be expressed as follows:

Fk = nF (19)

According to relevant studies in the literature, the total cutting power of the trenching
machine is

Pn = Fkva × 103 (20)

The power consumed during the cutting and transporting of soil is

Pr =
(H/2 + H0)PiγsKb

3.6 × 106 (21)

where:

H0 is the width between two blades;
Kb is the coefficient of potential soil particle clogging between the chain blade and the
trench sidewall (set as 1 in this paper);
γS represents the soil bulk density.

The frictional power consumption generated by the conveyed soil and the trench soil is

Pf = Prµ f ctgγ (22)

where µ f is the coefficient of friction between soils.
The power consumed by the helical soil conveyor moving soil to the side of the trench

is given by [24]:
Ph = (C0πTγsLB)/3.6 × 106 (23)

where:

C0 is the experimentally determined soil resistance coefficient of the helical soil conveyor,
typically ranging from 4 to 5 for most soils;
LB is the maximum distance for moving soil along the trench edge, usually taken as 0.45
to 0.5.

The total power required for the trenching device to cut and transport soil is given by
the following:

P′
t =

(
Pn + Pr + Pf + Pc

)
/η1η2 (24)

where:

η1 represents the chain transmission efficiency;
η2 denotes the efficiency of the equipment’s travel transmission.

As for the forward resistance of the burial machine, its resistance graph is illustrated
in Figure 5 below:

Figure 5. Resistance diagram.
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The formula for forward resistance is as follows:

Fa = (G + Ft sin β)µ + Ft cos β (25)

where:

G stands for the weight of the trenching machine;
µ represents the coefficient of rolling resistance.

The above analysis indicates that the parameters influencing power consumption
mainly include the working speed of horizontal movement of the trenching machine,
denoted as ve, the absolute motion speed of the trenching machine’s chain cutter, denoted
as va, and the relative motion speed of the chain cutter to the trenching machine, denoted
as vγ.

3. Mechanical Cutting Parameter Simulation Analysis

In order to effectively analyze the mechanical performance of the mechanical trenching
device in complex underwater environments, it is necessary to establish a dynamic model
for the mechanical trenching and burial machine. To efficiently study the process of chain-
type trencher fracturing the underwater soil under the influence of flow fields, it is essential
to develop a simulation model for chain blade soil cutting under the action of the flow field.
This paper employs the LS-DYNA R11.2.2 software to carry out a numerical simulation of
the cutting of soil by circular arc blades. The analysis includes the examination of cutting
resistance and cutting power consumption, leading to conclusions regarding the variations
in the cutting speed and cutting depth.

3.1. Model Establishment

In this study, the LS-DYNA dynamic module is employed for virtual simulation
analysis. The soil model is discretized using the traditional explicit dynamic method,
constraints are defined, and loads are applied to the soil and blades based on actual
conditions. Due to the complexity of soil cutting processes, which involve rapid changes
in stress and strain, including deformation characteristics such as elasticity, plasticity,
fracture, and soil failure, the numerical simulation of the cutting process assumes the
following conditions:

(1) During the blade cutting process, the forward speed and chain velocity are assumed
to be constant, i.e., the direction and magnitude of the blade’s absolute velocity remain
unchanged.

(2) The soil model established in LS-DYNA has consistent stiffness and moisture content
and a uniform soil structure.

(3) In the cutting simulation process, it is assumed that the blade always moves within
the same plane.

(4) During the cutting process, the soil is assumed to remain stationary, and the combined
velocity of the machine’s forward movement and chain velocity is in the direction of
the blade’s motion.

To enhance the accuracy of the soil cutting simulation results, it is necessary to not
only select a suitable soil model that reasonably reflects the actual situation and establish
constitutive relationships that accurately represent the dynamic properties of the soil, but
also to choose appropriate constitutive relationships and failure criteria for the analysis of
high-speed soil cutting problems.

In this paper, the MAT147D material model of LS-DYNA is adopted. This material
model employs a modified plasticity model. Table 3 shows the parameter for soil.
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Table 3. Soil parameters of clayey sand soil.

Parameters Value

density 2082.3 kgm−3

relative density/specific gravity of soil 2.68
bulk modulus 35 MPa
shear modulus 20 MPa
cohesion force 30 KPa

angle of friction 24◦

water content 34%

The cutting tool is a crucial factor in any mechanical trenching system. It penetrates
the soil under a certain thrust and torque provided by the mechanical trenching system.
The cutting tools transfer the machine’s energy to the soil, enabling the cutting process.
Therefore, the geometric shape and wear characteristics of cutting tools significantly affect
the energy transferred to the soil and the achievable penetration rate.

The primary target operating areas are the Northeast Asian Sea and the Zhoushan Sea,
where the seabed substrate is mainly composed of cohesive soil. Based on the principle of
selecting cable routes, it is essential to avoid areas with rocky seabed as much as possible.
Hence, this paper selects the shape of the cutting tool as an arc-shaped trenching blade, the
structure of which is illustrated in Figure 6.

Figure 6. Arc-shaped trenching blade.

In the simulation, the material properties of the arc-shaped cutting tool are set as
shown in Table 4.

Table 4. Material properties of circular arc cutting tool.

Elastic Modulus/GPa Density/g·cm−3 Poisson’s Ratio

207 7.81 0.35

Figure 7 shows the overall grid division of the finite element model for cutting soil
with a chain blade. The contact type between the chain blade and the soil is automatic
single-sided contact. Moreover, the chain blade is the target component, and the soil is
the contact component. In the model, the forward velocity of the blade is constant, and
the direction is simplified to be perpendicular to the soil module. A specific load curve is
applied to the blade node group to produce a constant velocity of motion in the x direction,
with zero displacement constraints in the y and z directions.
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Figure 7. The overall mesh division.

3.2. Simulation Analysis

In the simulation study, the arc-shaped blade cuts the soil along a straight line. This
section mainly analyzes the process of cutting soil by a single blade at different speeds
and cutting depths. It also examines the variations in the maximum power consumption,
maximum resistance, and equivalent stress during different time intervals of cutting soil at
different speeds. This analysis serves as a basis for optimizing the motion and structural
parameters of the cup-shaped blade.

Soil cutting is an extremely complex process with difficult-to-control variations. Ex-
tensive engineering practices and laboratory experiments have shown that soil failure is
mostly due to shear failure. This is because the strength of soil particles themselves is much
greater than the bonding strength between particles. Under external forces, soil particles
come in contact along the direction of motion shear and slide against each other, resulting
in shear failure. Due to the inherent strength of the soil, when the blade comes into contact
with the soil, the cutting force on the blade does not reach the soil’s failure strength. Instead,
the soil undergoes extrusion deformation under the action of the cutting force, causing the
cutting force to increase. When the cutting force reaches the soil’s failure strength, the soil
begins to fail, and the cutting force no longer increases but remains constant. After the
entire soil block is disrupted, the cutting force decreases rapidly.

In this cutting experiment, the blade thickness is set to 6 mm, and the soil is cut
laterally. Five simulation tests are conducted at speeds of 0.5 m/s, 0.7 m/s, 1 m/s, 1.2 m/s,
and 1.5 m/s. The following five working conditions are proposed, as shown in Table 5.

Table 5. Cutting conditions.

Operating Condition Cutting Depth (mm) Cutting Speed (m/s)

F1-1 50 0.5
F1-2 50 0.7
F1-3 50 1
F1-4 50 1.2
F1-5 50 1.5
F1-6 80 1.5

The soil cutting process by circular arc blades within one cycle is observed, as shown
in Figure 8, where the initial speed of the blade is 1.2 m/s. The cutting process begins
with the blade tip making contact with the soil, inducing shear failure through the cutting
force. As the blade progresses, the soil experiences more intense compressive failure due
to the blade’s movement. The continuous cutting action of the blade intensifies the soil
disruption, and the soil ahead of the blade starts to deform under the pressure from the
previously disrupted soil. Due to the compression caused by the blade, the shear strength
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of the soil is reduced, leading to a decrease in the cutting resistance. The soil cut by the
blade is lifted, and a portion of it is thrown onto the edges of the trench, while the rest is
pushed forward and to the sides by the blade’s advancing force. In the case of the chain
trenching machine studied in this paper, multiple blades are simultaneously engaged in
soil cutting. Through the continuous cyclic cutting action of the blades, a trench is formed.

Figure 8. Cutting conditions for cases F1-4.

A simulation was conducted to determine the variation in the cutting force over time
for the circular arc blade under these six operating conditions, as illustrated in Figure 9.
In the case of Condition F1-5 shown in Figure 9e, which is similar to the parameters
used in Chapter 2 for theoretical calculation, the cutting force fluctuates around 500 N,
which is close to the theoretical calculated value of 462 N. It verifies the accuracy of the
simulation. From Figure 9, it can be observed that in the initial stage of the trenching
blade cutting through the soil, there is elastic deformation in the soil. As the contact area
between the trenching blade and the soil increases, the trenching blade overcomes the
elastic deformation of the soil, and the cutting force gradually increases. Subsequently,
plastic deformation of the soil occurs, and the soil structure is disrupted. At this point,
the force on the trenching blade fluctuates within a certain range without further increase.
Comparing Figure 9a–f, it can be observed that with the increase in the cutting speed, the
cutting force also increases. Through a simulation and analysis at different speeds, the
reasonable selection of the cutting speed of the trenching blade under the normal operation
of the trenching machine is one of the factors to reduce the cutting force.



J. Mar. Sci. Eng. 2023, 11, 2371 12 of 22

Figure 9. Variation in cutting force. (a) In F1-1 condition. (b) In F1-2 condition. (c) In F1-3 condition.
(d) In F1-4 condition. (e) In F1-5 condition. (f) In F1-6 condition.

(a) Effect of Cutting Depth
Comparing Figure 9e,f (Conditions F1-5 and F1-6), a resistance comparison chart is

created, as shown in Figure 10. In the graph, Curve A represents the resistance curve for
Condition F1-6, and Curve B represents the resistance curve for Condition F1-5. From
Figure 10, it can be observed that with the increase in the cutting depth, the cutting force
also increases. This means we can reduce the cutting speed and cutting depth to reduce the
resistance. When the cutting depth has to be increased, the cutting speed can be reduced to
reduce the cutting resistance.
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Figure 10. Variation in cutting force for Conditions F1-5 and F1-6.

(b) Analysis of Cutting Power
Figure 11 illustrates the variation in the cutting power for Condition F1-5 over time.

From the graph, before 0.0168 s, it can be observed that in the initial stage of cutting (),
there is a slow increase in the cutting power. In the stage of 0.0168 to 0.392 s, the power
consumption begins to increase significantly. This may be due to the fact that the soil is
compressed and deformed to crumble after the tool comes into contact with it, requiring
a large amount of energy to be consumed. In the later stages (after 0.392 s), as the tool is
about to exit the soil, the rate of energy increase becomes slower.

Figure 11. Energy variation for Condition F1-5.

The differential of the power consumption curve provides the cutting power variation
curve. Figure 12a depicts the changes in the cutting power over time for the circular arc
blade under six different conditions. Figure 12b depicts the variation in power with the
cutting speed.
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Figure 12. Cutting power under different working conditions. (a) Power change with time with differ-
ent working conditions. (b) Cutting power required for different cutting speeds and cutting depths.

(c) Effect of Cutting Speed
From Figure 12a,b, It can be observed that when the speed is less than 0.6 m/s, the

cutting power increases rapidly. When the speed is greater than 0.6 m/s, the cutting speed
increases linearly. Therefore, when selecting the cutting speed, there is no need to worry
about the power increasing geometrically with the cutting speed. From Figure 12, it can
be seen that as the cutting depth increases, there is a linear increase in the cutting power.
Therefore, from the perspective of numerical simulation, the influences of speed and depth
on the cutting power are similar, as they are both linear.

4. Analysis of Chain Blade Cutting Experiment

Experimental testing of chain blade soil cutting not only allows for control over the
soil properties and conditions to be obtained, but also facilitates the convenient adjustment
of the movement state of working components, enabling the testing of parameters such
as the interaction between the trenching blade and the soil. In order to further investigate
the cutting mechanism and process of the arc-shaped trenching blade, this study employs
arc-shaped cutting tools and utilizes a soil trenching test method to examine the relation-
ships between the cutting speed, cutting depth, and cutting angle of the arc-shaped tool.
This experiment establishes quantitative relationships between various factors and power,
constructs relevant mathematical models, and utilizes cutting resistance as the evaluation
index. Building upon the virtual simulation model of blade soil cutting established in
Section 3, experimental research is conducted, and a regression analysis is performed on
the experimental data.

4.1. Design of Experimental Platform

In the trenching process of a chain-type mechanical trencher, the detachment of soil
blocks from the ground relies primarily on the cutting action of the chain blades. Within
the overall power consumption of the mechanical arm, cutting resistance accounts for a
significant portion of the power consumed. The rational selection of the tool and cutting
parameters can reduce the resistance of the trenching machine, decrease stress on the
chain blades, enhance the operational efficiency, and serve as a key design criterion for the
mechanical trenching mechanism.

This experiment aims to identify the patterns of variation in the cutting resistance of
the trenching apparatus, validate the accuracy of the simulation results, facilitate the opti-
mization of the overall structure of the trenching apparatus, reduce the cutting resistance,
and improve the machine’s operational efficiency. The main variables of the experiment
include the angle of the cutting chain blade, cutting speed, cutting depth, and the influence
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of different cutting chain blades on the cutting resistance. The mechanical cutting test
platform consists of a height adjustment module, an angle adjustment module, and a
sliding guide rail platform, with its structural components shown in Figure 13.

Figure 13. Composition of the mechanical trenching platform.

(a) Cutting Angle Adjustment
The angle adjustment module of the experimental platform is illustrated in Figure 14.

The chain blade is hinged to the dial indicator through a pivot joint, and its angle is secured
using aluminum profiles. The smallest scale on the dial indicator is 1◦. This bracket allows
for the adjustment of the cutting angle of the chain blade, with adjustment parameters set
at 0◦, 30◦, and 45◦.

(b) Height Adjustment
The height adjustment module is shown in Figure 15. It provides a dimension ref-

erence based on the image collected through the line diameter. During the actual jetting
experiment, the bottoms of two scale rulers (at the 0 mark) always make contact with the
mud surface. Meanwhile, the plane of the scale ruler is parallel to the plane of the chain
blade tip. By capturing the position of the blade tip, the corresponding cutting depth can
be obtained. The adjustment parameters are set at 5 cm and 10 cm.

(c) Drive System
The experimental platform is constructed using 4040 aluminum profiles, as illustrated

in Figure 16. This choice of aluminum profiles facilitates the assembly of the platform. The
lightweight nature of aluminum profiles reduces the vibration and deflection generated on
the sliding track during the experiment, while ensuring the required rigidity. The working
platform is mounted on the guide rails, with a transmission device and slider installed on
the upper part of the platform. This arrangement enables the platform to move along the
optical axis.
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Figure 14. Cutting angle adjustment module of the experimental platform.

Figure 15. Height adjustment module.
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Figure 16. Drive system.

The drive system employs a transmission configuration consisting of a stepper motor
and a synchronous belt. The synchronous belt pulley is fixed to the tool holder, and the
movement of the tool holder is driven through the synchronous belt pulley. The tool holder
is secured to four guide rail sliders. In practical applications, the horizontal motion of the
mechanical trenching operation is the same as that of the jet trenching operation. Therefore,
the drive system is designed to be consistent with the equipment used in the jet trenching
test platform.

The drive system employs a transmission configuration consisting of a stepper motor
and a synchronous belt. The synchronous belt pulley is fixed to the nozzle holder, and the
movement of the nozzle holder is driven through the synchronous belt pulley. The nozzle
holder is secured to four guide rail sliders. In practical engineering, the trenching operation
of the buried machine is a relatively slow process, and the driving speed must be controlled
within a certain range. Meanwhile, trenching operations require overcoming significant
resistance, necessitating a higher driving force. The design of the drive system is based on
the selection of the motor according to the driving force and speed. The reference range for
the movement speed is 30 to 70 mm/s, based on existing flushing platform speeds. The
ST86 series stepper motor is chosen, which enables a platform movement speed of 0 to
118.4 mm/s.

(d) Three-Dimensional Force Sensor
In this thesis, the main purpose of the mechanical trenching test is to verify the

relationship between the chain cutter cutting parameters and cutting resistance. As the
chain cutter moves, it experiences spatial forces. Therefore, a three-dimensional force sensor
is used in this test to measure the magnitude of the spatial forces acting on the chain cutter.
The arrangement of the three-dimensional force sensor is shown in Figure 17.
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Figure 17. Three-dimensional force sensor arrangement.

The design employs the Freud DYDW-002 three-dimensional force sensor with a range
of 500 N for the XY axes and a range of 2000 N for the Z axis. The sampling sensitivity can
reach 1 mV/V, equipped with a 0–5 mV analog output interface. The calibration of the
sensor is required prior to the experiment.

(e) Experimental Conditions
This experiment involves a four-factor orthogonal test, with cutting tests conducted ac-

cording to the designed arrangement. The experimental conditions are shown in Tables 6–9.
Each set of conditions underwent three repeated tests. Among them, the P1-1, P2-2, P3-2,
and P4-1 conditions represent the same set of conditions.

Table 6. Variable experimental conditions for cutting speed.

Operating
Condition Cutting Speed Cutting Depth Blade Thickness Cutting Angle

P1-1 0.3 m/s 50 mm 6 mm 0◦

P1-2 0.5 m/s 50 mm 6 mm 0◦

P1-3 0.7 m/s 50 mm 6 mm 0◦

Table 7. Cutting depth variable conditions.

Operating
Condition Cutting Speed Cutting Depth Blade Thickness Cutting Angle

P2-1 0.3 m/s 30 mm 6 mm 0◦

P2-2 0.3 m/s 50 mm 6 mm 0◦

P2-3 0.3 m/s 80 mm 6 mm 0◦

Table 8. Chain blade thickness variable conditions.

Operating
Condition Cutting Speed Cutting Depth Blade Thickness Cutting Angle

P3-1 0.3 m/s 50 mm 4 mm 0◦

P3-2 0.3 m/s 50 mm 6 mm 0◦

P3-3 0.3 m/s 50 mm 8 mm 0◦
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Table 9. Cutting angle variable conditions.

Operating
Condition Cutting Speed Cutting Depth Blade Thickness Cutting Angle

P4-1 0.3 m/s 50 mm 6 mm 0◦

P4-2 0.3 m/s 50 mm 6 mm 30◦

P4-3 0.3 m/s 50 mm 6 mm 45◦

4.2. Experimental Analysis

The cutting process of the circular arc trenching tool in the simulated substrate condi-
tions during the experiment is illustrated in Figure 18.

Figure 18. Typical cutting situation of circular arc trenching tool.

To reduce errors, in this experiment, under specific conditions, the cutting resistance
was repeatedly tested for various experimental conditions. The results were averaged to
determine the average cutting resistance of the blade under different factors. Excluding ab-
normally high or low data points, the intermediate data were analyzed for the experimental
results. The experimental outcomes are presented in Table 10.

Table 10. Experimental data.

Operating
Condition Cutting Speed Cutting Depth Blade Thickness Cutting Angle Average Cutting

Directional Resistance

P1-1 0.3 m/s 50 mm 6 mm 0◦ 274.7 N
P1-2 0.5 m/s 50 mm 6 mm 0◦ 332 N
P1-3 0.7 m/s 50 mm 6 mm 0◦ 385.3 N
P2-1 0.3 m/s 30 mm 6 mm 0◦ 208.3 N
P2-2 0.3 m/s 50 mm 6 mm 0◦ 274.7 N
P2-3 0.3 m/s 80 mm 6 mm 0◦ 327.3 N
P3-1 0.3 m/s 50 mm 4 mm 0◦ 263 N
P3-2 0.3 m/s 50 mm 6 mm 0◦ 274.7 N
P3-3 0.3 m/s 50 mm 8 mm 0◦ 285 N
P4-1 0.3 m/s 50 mm 6 mm 0◦ 274.7 N
P4-2 0.3 m/s 50 mm 6 mm 30◦ 289 N
P4-3 0.3 m/s 50 mm 6 mm 45◦ 300.3 N
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In this experiment, data analysis software was employed for experimental optimiza-
tion, design, and analysis. The collected cutting resistance was used as the experimental
indicator. The experimental results are presented in Table 11.

Table 11. Experimental results analysis.

Operating
Condition A Cutting Speed B Cutting Depth C Blade

Thickness D Cutting Angle Average Cutting
Directional Resistance

P1-1 1 2 2 1 274.7 N
P1-2 2 2 2 1 332 N
P1-3 3 2 2 1 385.3 N
P2-1 1 1 2 1 208.3 N
P2-3 1 3 2 1 327.3 N
P3-1 1 2 1 1 263 N
P3-3 1 2 3 1 285 N
P4-2 1 2 2 2 289 N
P4-3 1 2 2 3 300.3 N
K1 2047.6 208.3 263 2175.6
K2 333 327.3 2216.9 289
K3 385.3 2229.3 285 300.3
k1 292.5143 208.3 263 310.8
k2 333 327.3 316.7 289
k3 385.3 318.4714 285 300.3

Range R 92.78571 119 53.7 21.8
Main-Sub B > A > C > D

From Table 10, it can be observed that the extreme values of cutting depth, cutting
speed, blade thickness, and cutting angle decrease sequentially. According to the analysis
of the orthogonal experimental data results, larger values of the range R correspond to a
more significant influence of the respective factors. The variation in the blade thickness
has a relatively minor impact on the cutting resistance, which can be considered negligible.
The primary influencing factors on the cutting resistance are identified as the cutting depth,
cutting speed, and cutting angle, with the cutting depth having the most significant impact.

A comparison was made between the experimental data and theoretical calculation
results in the cutting speed of 0.5 m/s and the cutting depth of 500 mm. The theoretical
value is 347 N, the experimental value is 332 N (4.3% lower than the theoretical value), and
the simulated value is 416 N (19.8% higher than the theoretical value). This verifies the
reliability of the experimental data. Such discrepancies may arise due to various factors,
such as potential deviations between experimental equipment and conditions from the
intended ones.

5. Conclusions

This paper conducts a simulation analysis and experiments on the trenching chain
blade of a chain-type trenching machine. This study tests the variation in traction resis-
tance under different trenching conditions and quantifies the impacts of various cutting
parameters on traction resistance. Through an analysis of orthogonal experimental data,
it was determined that changes in the cutting angle have negligible effects on the cutting
resistance. The primary factors influencing cutting resistance are the cutting depth, cutting
speed, and blade thickness, with the cutting depth having the most significant impact.

When selecting cutting parameters for a chain-type trenching machine, it is advisable
to appropriately reduce the cutting depth, cutting speed, and blade thickness to decrease
the cutting resistance and enhance machine efficiency. Additionally, this paper compares
and validates the feasibility of a simulation analysis, providing a viable approach for the
optimization design of chain-type trenching machines.
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