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Abstract: In this study we explored the methods and effects of spectral resistance reduction for
soil-engaging surface of self-excited resonant bulldozing plates with a plane base on the basis of
resonance effects. In the acquisition of the low-order vibration frequency f 0 of the bin soil, centering
around frequency point f 0, eight spatial geometric wave frequency points ni of soil-engaging surfaces
and three amplitudes were selected; by superimposing with soil-engaging surfaces of plane-based
bulldozing plates, 24 spectral structures of the soil-engaging surface of bulldozing plates and model
samples were combinatorically designed. Resistance reduction characteristics of each model sample
were tested using an indoor soil bin test. Near the resonance point f 0, the structures of the self-excited
vibrating frequency spectrum of the soil-engaging surface obtain a preferable inhibitory effect on
working resistance. At a 4 mm amplitude resonance point, model samples achieved the best resistance
reduction effect, with a maximum relative resistance reduction rate of 22.67%, and the soil desorption
effect of the relevant model sample was also good. On the other hand, away from the resonance point,
whether the frequency increased or decreased, the corresponding working resistance of the model
sample surfaces increased relatively. This is in good agreement with the law that the resonance point
amplitude of the theoretical resonance curve is higher and the amplitude on both sides is lower. This
paper provides a reference for the parameter design and related product development for various
forced or self-excited vibration soil cutting tools.

Keywords: bulldozing plate; soil-engaging surface spectrum; resistance reduction design; self-excited
vibration; resonance effect

1. Introduction

Applications of vibration technology in soil cutting tools are effective means to reduce
soil cutting resistance [1]. Operations on soil cutting include not only the various forms of
soil tillage in agricultural fields, but also soil excavation, shoveling and other operation
methods in construction projects, and even soil exploration and development in the fields of
oceans and outer space [2–4]. The reduction of working resistance and energy consumption
in the soil cutting process is of great significance. In all the researches and applications of
resistance reduction designs of various soil cutting tools, various methods have been tried
and applied, such as geometric structure modification of soil cutting tools [5,6], material
modification [7,8], soil-engaging interface lubrication [9], bionic design [10,11], vibration
technology [12,13] and others. Among them, vibration technology has achieved better
effects on resistance reduction and soil loosening on specific soil cutting conditions. To
further explore the principles and method of soil vibration cutting resistance reduction,
and to improve the efficiency and application scope of resistance reduction in soil vibration
cutting, this study aimed to materialize the methods of soil vibrating cutting and the
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law of resistance reduction by employing a self-excited vibration form generated by a
soil-engaging surface spectrum, in combination with the resonance effect.

In the theories and technical applications of resistance reduction design of vibrating
soil cutting tools, there are mainly two forms: forced vibration [14,15] and self-excited
vibration [16,17]. Forced vibration is mainly implemented by adding extra excitation
devices such as eccentric shafts, eccentric blocks, cams, crank rods or hydraulic mechanisms
to soil cutting tools [18–20], which can achieve considerable resistance reduction effects
under specific frequencies, amplitudes, soil conditions and working modes [21–23]. This
approach, due to the addition of additional excitation devices, makes its structure more
complex, at a relatively high cost. When soil conditions and working modes change,
the system power consumption may increase if the vibration parameters of the tool are
not adjusted [24,25]. Self-excited vibration has no extra excitation mechanisms, and the
occurrence of vibration is mainly achieved by a periodic balance between energy supply
and dissipation of the system. By employing the principle of self-excited vibration, the
effect of resistance reduction [26] and soil loosening [27] during soil tillage can also be
achieved. Additionally, there are two mature methods of self-excited vibration: using a
spring tooth with a cutting tools hinge, and using additional springs, both of which present
the problems of relatively fixed vibration parameters and weak adaptability to complex
soil conditions and tool operation modes [28]. Zhou Hua et al. [29] and Cui Tao et al. [30]
explored ways by which to improve the adaptive capacity of vibration resistance reduction
to soil conditions and operation modes by setting multi-stage springs. Whatever forms of
vibration is to be adopted, how to achieve the optimal matching effect among tool operation
modes, tool vibration parameters and soil parameters, so as to improve the vibration
resistance reduction effect and the adaptive capacity to complex working conditions, is
an urgent problem to be solved in the designs and applications of various vibratory soil
cutting tools.

Unlike the abovementioned two self-excited vibration forms, which either make use
of self-resilience or add extra springs, this study was designed to materialize the idea of
resistance reduction via self-excited resonance by combining tool geometry modification
and vibration technology. Specifically, soil self-excited vibration tillage conditions are
constructed by superimposing spatial geometric waves with particular frequency on the
base of a soil-engaging surface [31]. This method not only enhances the cutting process
and improves cutting efficiency, but also has certain adaptability to complex soil conditions.
Taking a plane bulldozing plate soil-engaging surface as the base, the simplest soil-engaging
surface spectrum structure is constructed by superimposing geometric waves of a single
frequency ni on it. The product of this frequency ni and the tool working speed u forms the
self-excited oscillation frequency ft of the tool to the soil in front of the soil-engaging surface,
and the resonance conditions of the cultivated soil are created by making this oscillation
frequency ft close to the soil vibration frequency f 0. Because of the granular characteristics
of soil materials, it will be easily broken in a resonance state, so it is conducive to obtain
lower cutting resistance. On the basis of obtaining the low-order vibration frequency f 0 of
indoor bin soil, centering around frequency point f 0, 24 spectrum structures and model
samples of the soil-engaging surface were combinatorically designed and manufactured,
mainly by combining 8 spatial geometric wave frequencies with 3 amplitudes. Through
comprehensive soil bin tests and comparisons with the plane bulldozing plate, this study
explored the resistance reduction characteristics and cases of soil adhesion of each model
sample under different frequencies and amplitude. The feasibility of the resistance reduc-
tion methods of the self-excited vibrating bulldozing plate soil-engaging surface spectrum
based on the resonance effect was further verified, which provides a reference for the
efficient resistance reduction design and development of various types of vibratory soil
cutting systems or components.
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2. Materials and Methods
2.1. Soil-Engaging Components-Soil Vibration Cutting Model

The impact cutting effect of soil-engaging components on soil can also be un-
derstood reversely as the process where the tool is fixed, and the soil slides over
the soil-engaging surface at a certain speed u (m/s). In the cutting component–soil
two-dimensional cutting model shown in Figure 1a, taking the cutting marching di-
rection, i.e., the horizontal +x direction, as an example, the simplest single-degree-of-
freedom soil vibration cutting model can be approximately established, as shown in
Figure 1b. In it, the soil mass is m (kg), the stiffness is k (N/m), the damping coefficient
is c (N·s/m), qx represents the horizontal excitation displacement of the cutting compo-
nent and x represents the horizontal displacement of the soil. The differential equation
of the system motion in Figure 1b is:

m
..
x + c

.
x + kx = c

.
qx + kqx (1)
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The phase–frequency characteristic equation is:

ϕ(ω) = tan−1 2ξλ3

1− λ2 + (2λξ)2 (3)

where ξ is the system damping ratio, λ = ω/ω0 is the system frequency ratio, ω is the
excitation frequency of the tool to the soil (rad/s) and ω0 = 2πf 0 is the natural circular
frequency of soil (rad/s).

Taking the damping ratio ζ = 0.1 as an example, the amplitude–frequency and phase–
frequency characteristic curves of this system are shown in Figure 1c,d, respectively. When
the impact frequency of the soil-engaging component is equal to the natural vibration
frequency of soil, that is, the system frequency ratio λ in Figure 1c,d is close to 1, the
system amplitude–frequency characteristic curve obtains the maximum point, namely, the
system resonance point. In addition, the interval of 0.75 < λ < 1.25 is often taken as the
resonance region in engineering [32]. In the resonance region, especially the resonance
point, the impact frequency is relatively close to the natural vibration frequency of the soil,
and according to the amplitude–frequency characteristic curve, the impact action of tool
on the soil shows the phenomenon of resonance amplification. At this time, the soil in
front of the soil-engaging surface is easily broken due to the resonance phenomenon, and
accordingly a lower soil cutting resistance may be obtained.

In Figure 1c, when |H(jω)|x−q = 1, the abscissas λ of the intersection point of the

corresponding amplitude–frequency characteristic curve are 0 and
√

2, respectively, and the
values of the ordinate and abscissa of these two points do not vary with the damping ratio.
When |H(jω)|x−q > 1, the figure corresponds to λ ∈ (0,

√
2), that is, the tool oscillation or

excitation frequency is in the interval (0 ∼
√

2)× ω0, the vibration displacement signal
input by the tool to the soil is in an amplified state, and the soil being cut is vulnerable to
stronger disturbance. When the oscillation frequency of the designed tool is in this interval,
a better vibration resistance reduction effect will be achieved. Accordingly, the better
vibration resistance reduction effect will be obtained near the resonance point or in the
resonance region. Here, this interval is called the theoretical expected resistance reduction
region. When |H(jω)|x−q < 1, the frequency ratio of the corresponding abscissa is λ >

√
2.

At this time, the tool oscillation frequency or excitation frequency is greater than
√

2×ω0,
and the vibration signal amplitude of the tool input to the soil is theoretically attenuated.
When the oscillation frequency of the tool is located in this interval, it is relatively difficult
to obtain a better vibration resistance reduction effect. Here, this interval is called the
theoretical expected poor resistance reduction region. These abovementioned principle
predictions are the starting point of this study in this paper.

2.2. Soil Natural Vibration Frequency

To verify the abovementioned ideas, the accurate measurement of natural vibration
fundamental frequency f 0 of soil is the first and foremost problem to be solved. The soil
constituents, density, moisture content, firmness and other soil physical parameters
in production actually show great indeterminacy, which makes the natural vibration
frequency of the actual soil more complex, and the distribution range is relatively
wide [33]. To obtain the relatively stable natural vibration fundamental frequency
of soil, relevant studies were conducted in relatively controllable soil conditions of
an indoor soil bin. The soil in the soil bin was cinnamon soil with yellow sandy
characteristics, available in wheat fields in Luoyang, China [34]. Before the test, all
impurities, such as broken stones and grass roots in the soil, were removed first, and
then the soil was completely broken loose, stirred, scraped and compacted. The length
× width × height dimensions of the effective soil after preparation were 1.5 m × 0.8 m
× 0.35 m, respectively, which was shortened only by 4.5 m in length, compared with
the actual soil bin size of this bulldozing test. The mean value of the soil firmness test
was 1.006 MPa, the standard deviation being 0.198. The mean value of the moisture
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content test was 12.45%, the standard deviation being 0.398. Poisson’s ratio, shear
modulus and other parameters of soil were also measured during the test, and the
measurement results are shown in Table 1.

Table 1. The parameters of soil physical characteristic.

Parameter Test Results of Cinnamon Soil Standard Deviation

Mean soil hardness (MPa) 1.006 0.223
Soil shear modulus (MPa) 3.846 0.211

Soil internal fraction angle (◦) 28.5 1.388
Soil cohesion (kPa) 45.9 0.303

Soil moisture content (%) 12.82 0.019
Soil bulk density (kg·m−3) 1164 6.986

Soil Poisson’s ratio (µ) 0.3 0.0086

The method of hammering pulse-excitation was employed to complete the test
of natural vibration parameters of the bin soil shown in Figure 2. For clarification, by
taking into consideration cutting conditions of the shovel blade in the soil bin, a three-
dimensional coordinate system was established for the soil of the soil bin according
to Ampere’s rule. The upper surface of the soil mass shown in Figure 2a was the xoy
plane surface, and the intersection point of the longitudinal centerline of the upper
surface of the soil bin soil mass and the right-hand surface of the steel plate was the
origin of the coordinates. The cutting march direction of the shovel blade was the +x
direction (Figure 2a, the soil bin pointing to the left), perpendicular to the soil mass
surface upwards was the +z direction, and the left side was the +y direction. The exci-
tation position of the rubber hammer was located on the intersection line between the
longitudinal section of the soil bin and the right end face in Figure 2a. The excitation
point was 0.1 m away from the upper surface of the soil, the excitation direction was
the +x direction, and the specific coordinate position was (0, 0, −0.1) m; see Figure 2b.
To select the location and direction of the excitation point was to comprehensively
consider the working depth and marching direction of the model shovel blade during
the soil bin test. Distribution of measuring points for all tests was composed of grid
intersections of 100 mm × 100 mm shown in Figure 2a, 98 in all. It was found through
testing that the response amplitude of each measuring point close to the right end
of the soil bin in Figure 2a was relatively strong, while those that marched along the
longitudinal centerline, i.e., in the cutting direction, decreased successively. Due to
space limitations, five representative measuring points were selected for elaboration;
see Figure 2. The sensor positions of each measuring point Nos. 1~5 in the two figures
correspond correspondingly, and the specific coordinates in the xoy plane were
(0.3, 0.2), (0.3, 0), (0.3, −0.2), (0.7, 0) and (1.1, 0), respectively, with unit being m. The
receiving directions of the vibration signal by all the acceleration sensors were all in
the +x direction. Shovel blade size, working direction and signal response strength
were all taken into consideration in the layout position of the sensors [35]. In terms
of shovel blade size, shovel blade width (300 mm) was mainly taken into consider-
ation, to ensure that the area of the impact oscillation force on the excited soil can
be covered by sensors. In terms of working direction, the existence and clarity of
vibration parameters were mainly considered, which were determined according to
the law that the soil vibration parameters’ amplitudes attenuate as the excitation point
extends. In an actual tillage or bulldozing test, the topsoil gets the maximum distur-
bance and displacement; therefore, only the vibration signals of the topsoil were tested
in this study.
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Figure 2. Soil natural frequency testing system. (a) Site diagram of soil natural frequency test;
(b) position schematic diagram of measuring points and excitation point.

The test of soil vibration signals of each measuring point was replicated more than
three times, and the test results were relatively close. Additionally, the representative time
history profiles, auto-power spectrum, and coherence function curves of the acceleration
signals of the five measuring points are shown in Figure 3. The first-order natural vibration
frequencies of the five measuring points in the x-direction were 29.30, 29.30, 27.34, 31.25
and 31.25 Hz, with a mean value 29.69 Hz and a standard deviation 1.46. Among them,
measuring points 1, 2 and 3 were close to the excitation position; as a result, their amplitude
response signals were also strong. The corresponding coherence function values of the
first-order vibration frequency positions of soil at these three measuring points were 0.981,
0.983 and 0.964, respectively, and the vibration characteristics were obvious. Measuring
points 4 and 5 were farther and farther away from the excitation point, and despite a higher
value of coherence function near the 29.69 Hz vibration frequency, the measured signal
amplitudes were weaker and weaker, which was consistent with the signal transmission
and attenuation of actual soil vibration. The second-order vibration frequency of each
measuring point was located near 70~110 Hz, the vibration amplitude was relatively weak,
the coherence function value was also relatively small, and the peak point was not clear
enough; it was especially not readily excited by a relatively low soil cutting speed and
oscillation frequency. Therefore, a further study will be conducted only on the first-order
vibration frequency.
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2.3. Model Bulldozing Plate for Test

Referring to Figure 4a, the structural parameters of the typical bulldozing plate mainly
include the directrix of the soil-engaging surface of the bulldozing plate, the cutting angle
δ, the clearance angle α, the shovel point closed angle β, the front roll angle βk, the skew
angle ε and the shovel lip length S [36]. The soil-engaging surface of the bulldozing plate
is generally formed by the parallel translation of the generatrix along the directrix. The
generatrix is usually a straight line, which forms as a result of the directrix exerting an
essential influence on the working characteristics of the bulldozing plate [37]. In this study,
the related principle research was conducted by taking the plane bulldozing plate as the
base, and the spatial frequency spectrum geometric structure of the self-excited vibrating
soil-engaging surface was formed by superimposing a spatial geometric wave on the basis
of the plane base directrix.
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The general equation expression of the directrix of the designed self-excited vibration
soil-engaging surface spectrum this time is:

f (x) = k
′
x +

l

∑
i=1

Ai sin(ωit + ϕi) (4)

Therefore, the system vibration equation is:

m
..
x + c

.
x + kx = C1k

′
x +

l

∑
i=1

C2i Ai sin(ωit + ϕi) (5)

where C1k’x is the thrust generated by the base surface-ruled surface, and
l

∑
i=1

C2i Ai sin(ωit + ϕi) is the vibration excitation force generated by the soil-engaging sur-

face spectrum. Since ωi = 2πfi = 2πuni = 2πnix/t, Equation (5) can be written as:

m
..
x + c

.
x + kx = C1k

′
x +

l

∑
i=1

C2i Ai sin(2πxnit + ϕi) (6)

where k’ is the slope of the base plane, Ai is the amplitude of spatial geometric wave (mm),
ωi is the excitation frequency of the spatial spectrum to soil (rad/s), ϕi is the phase of the
spatial spectrum (◦), ni is the geometric frequency of the spatial geometric wave (m−1), and
C1 and C2i are the stiffness coefficients of soil-engaging surface (N/mm).

The skew angle of each model is 78◦, and the corresponding straight line equation
in Equation (4) is f 1(x) = k’x = tan(78◦)x = 4.7x. The sine equation in Equation (4) needs
to determine three parameters, namely the excitation frequency ωi (namely geometric
frequency ni), amplitude Ai and phase ϕi. Only the single-frequency spectrum was studied;
therefore, i = 1 in above formula. With reference to the analysis results of the resonance
point and resonance region in Figure 1c, based on the measured vibration frequency f 0 of
soil in the indoor soil bin, a series of geometric frequency points ni were selected around
this resonance point as test points. Altogether, eight impact frequency ft test points were
selected from the three regions, i.e., the theoretical expected resistance reduction region, the
expected point of transition and the expected poor resistance reduction region. They were
1 Hz (near zero frequency), 0.205 f 0, 0.47 f 0, engineering experience method lower limit
corresponding frequency 0.75 f 0, the resonance point f 0, the engineering experience method
upper limit corresponding frequency 1.25 f 0, |H(jω)|x−q = 1 corresponding upper limit
frequency 1.414 f 0 and |H(jω)|x−q= 0.5 corresponding frequency 1.758 f 0. The locations
and sizes of each frequency point are shown in Figure 5a and Table 2, respectively. Vibration
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fundamental frequency f 0 of the soil in Table 2 was taken for an integer 29 Hz as a result of
the convenience of the structural parameterization design of the bulldozing plate as well as
the complexity of soil parameters in each test.
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Table 2. Directrix equation of model bulldozing plate soil-engaging surface spectrum.

Number Frequency
Ratio

Impact
Frequency

(Hz)

Working
Speed

(m·s−1)

Spatial Geometric
Frequency

(mm−1)

Wavelengths
(mm) Directrix Equation

1 0.034 1 0.16 0.00625 160 z = 4.7x + Aisin(0.039x)
2 0.205 6 0.16 0.0375 26.7 z = 4.7x + Aisin(0.236x)
3 0.47 14 0.16 0.0875 11.4 z = 4.7x + Aisin(0.550x)
4 0.75 22 0.16 0.1375 7.3 z = 4.7x + Aisin(0.864x)
5 1 29 0.16 0.18125 5.5 z = 4.7x + Aisin(1.138x)
6 1.25 37 0.16 0.23125 4.3 z = 4.7x + Aisin(1.452x)
7 1.414 41 0.16 0.25625 3.9 z = 4.7x + Aisin(1.609x)
8 1.758 52 0.16 0.325 3.1 z = 4.7x + Aisin(2.041x)
9 Tend to ∞ Plane 0.16 ∞ 0 z = 4.7x + 0

The amplitude value of the spatial geometric wave superimposed on the soil-engaging
surface was based on the selection principle of a relatively coordinated geometric structure,
and was determined by the contour dimensions and scaling ratio of the selected model
samples. By comparison of the three-dimensional simulation designs, three levels of 2,
4 and 6 mm were selected to complete the specific structure design of spatial geometric
spectrum of the soil-engaging surface.

Changes of phase will affect the cutting angles of the corresponding shovel tip or
cutting edge, and selections of the phase have an effect on both the penetrability and
resistance reduction performance of the soil-engaging surface. To simplify the work,
ϕi = 0 was selected for all phase angles to complete the design of the soil-engaging surface
model sample.

After determining the values of the working speed u of the bulldozing plate (set as
0.16 m/s based on the speed of the traction motor of the soil bin), impact frequency ft of
the tool on the soil (eight points selected in Figure 5a), amplitude Ai (2, 4, 6 mm), initial
phase angle ϕi (0◦) and cutting angle δ (78◦) of the bulldozing plate, values of the spatial
geometric frequency ni (reciprocal relationship with spatial geometric wave wavelength
λi) or excitation frequency ωi could be calculated. Taking impact frequency 29 Hz and
amplitude 4 mm as an example, when ni = ft/u = 29/0.16 = 181.25 m−1 = 0.18125 mm−1,
2πni = 1.138 mm−1, so the directrix equation of the soil-engaging surface spectrum is
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F(x) = 4.7x + 4 × sin(1.138 × x), x∈(0, 153.8 × cos(1.3607)). All the directrix equations of the
soil-engaging surface spectrum of bulldozing plates are shown in Table 2, and the directrix
collections of soil-engaging surface spectrum of the self-excited vibrating bulldozing plate
are shown in Figure 5b.

The test bulldozing plate model was designed as a fixed shovel blade. Referring to
similarity theory [38], differences in resistance reduction effects caused by the directrix
form, which function as the only variable, were investigated, while other geometric factors
in the bulldozing plate model remained unchanged. Referring to empirical values [39], the
angle parameters of the test model were: cutting angle δ 78◦, clearance angle α 30◦, shovel
point closed angle β 48◦, and skew angle ε 78◦. The actual ratio of height to width of the
bulldozing plate was approximately between 1:2~1:3 [40]. The height–width ratio of each
model bulldozing plate had taken the upper limit and was designed as 150 mm × 300 mm.
This was mainly in order to consider that the soil was likely to overflow the upper end of
the size-reduced bulldozing plate during the test, which might affect the sensors arranged
behind it, as well as the fact that the model bulldozing plate design process in the lower
part of the straight cutting edge is canceled. Specific dimension parameters are shown in
Figure 4b. The material of the bulldozing plate was Q235 steel, and the bulldozing plate
after processing is shown in Figure 6.
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Figure 6. 25 experiment bulldozing plate samples. (a) Plane bulldozing plate; (b) self-excited
vibration bulldozing plate of plane base with 2 mm amplitude; (c) self-excited vibration bulldozing
plate of plane base with 4 mm amplitude; (d) self-excited vibration bulldozing plate of plane base
with 6 mm amplitude.

2.4. Soil Bin Test

Basic parameters of the valid soil length, width and height of the test soil bin were
6 m × 1.2 m × 0.6 m, and deep turning and water sprinkling of the soil were performed
before each experiment, by means of which the soil moisture content, firmness, vibration
frequency and other parameters in each soil cutting test were kept consistent as far as
possible, and also consistent with the soil parameters in the soil frequency test as shown
in Table 1, and the comparability of the test data were thus enhanced. The tested sample
bulldozing plate was driven by a trolley, and the trolley system was pulled by a PA600
electric hoist (Wanhua Lifting Machinery Co., Ltd., Renqiu, China, rated power 1.15 kW)
through wire rope to achieve horizontal movement, at a pulling speed of 0.16 m/s. Gener-
ally, the operating speed of the bulldozers did not to exceed 0.7 m/s, and a slightly lower
test speed was used. This was limited by the length of soil bin, or by the need to facilitate
effective observation and control during the test process. The cutting depth was controlled
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to be 30 mm, about 20% of the height of the model bulldozing plate (actual designed tillage
depth less than 40% of the height of the bulldozing plate).

The resistance signal, when converted into an electrical signal by the S-shaped force
sensor, was transmitted to the DH5902 data acquisition instrument, by which the data were
processed, and then recorded and analyzed by DHDAS. Figure 7a show live photography
of the test work. The test bulldozing plate model was connected to the trolley by three
S-shaped force sensors, both ends of which were ball-and-hinge structures, and a three-
dimensional force system was thus formed, as shown in Figure 7b. The horizontal resistance
Fx, vertical resistance Fz, and resultant force F under different working circumstances could
be obtained by trigonometric-function calculations shown in Equations (7) and (8) of the
three force signals. The horizontal resistance Fx, vertical resistance Fz and resultant force
F under different working circumstances could be obtained by trigonometric-function
calculations of the three force signals. This study focused on the impact on the working
resistance of the spatial geometric frequency and amplitude of the soil-engaging surface
directrix. The frequency factor was set as eight levels, and amplitude as three levels;
see Table 3.

Fx = F2 × sin φ2 + F3 × sin φ3 − F1 × sin φ1 (7)

Fz = F1 × cos φ1 (8)

where Fx is the horizontal resistance (N), Fy is the vertical resistance (N), F1 is the force on
sensor S1 (N), F2 is the force on sensor S2 (N), F3 is the force on sensor S3 (N), φ1 is the
angle between F1 and the installation plate of the test trolley equipment (◦), φ2 is the angle
between F2 and the installation plate of the test trolley equipment (◦) and φ3 is the angle
between F3 and the installation plate of the test trolley equipment (◦); in this paper, φ1, φ2
and φ3 all take 60◦.
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Table 3. Table of test factor levels.

Level

Factors

A
Impact Frequency (Hz)

B
Amplitude (mm)

1 1 2
2 6 4
3 14 6
4 22
5 29
6 37
7 41
8 52
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3. Results and Discussion
3.1. Law of Resistance Reduction

Comprehensive tests were conducted for each factor and level in Table 3, each working
condition repeated three times. Table 4 shows the test results of the working resistance
under various working conditions, all of which are the mean value of the three repeated
tests. The horizontal working resistance of the tested model bulldozing plate amounted to
over 99% of the total working resistance, both of which were exactly similar in variation
tendency, only slightly differing in values. Variations of the horizontal resistance Fx basically
represent laws of resistance reduction of the bulldozing plate.

Table 4. Results of working resistance test.

Number

Factor
Horizontal
Resistance

(Fx/N)

Vertical
Resistance

(Fz/N)

Resultant
Force
(F/N)

Fx/F

Resistance
Reduction
Ratio of Fx

Relative to Plane
Bulldozing Plate

Resistance
Reduction
Ratio of Fz

Relative to Plane
Bulldozing plate

A
Frequency

(Hz)

B
Amplitude

(mm)

1 1(1) 1(2) 403.63 12.33 403.82 0.9995 8.97% −21.78%
2 2(6) 1(2) 401.03 16.16 401.36 0.9992 9.56% −59.70%
3 3(14) 1(2) 401.18 12.76 401.39 0.9995 9.53% −26.08%
4 4(22) 1(2) 443.09 15.11 443.35 0.9994 0.08% −49.28%
5 5(29) 1(2) 387.08 13.65 387.32 0.9994 12.71% −34.86%
6 6(37) 1(2) 421.61 14.81 421.87 0.9994 4.92% −46.31%
7 7(41) 1(2) 403.06 13.62 403.29 0.9994 9.10% −34.59%
8 8(52) 1(2) 355.56 11.99 355.76 0.9994 19.82% −18.48%
9 1(1) 2(4) 364.59 11.73 364.78 0.9995 17.78% −15.87%

10 2(6) 2(4) 372.39 11.02 372.56 0.9995 16.02% −8.88%
11 3(14) 2(4) 401.08 11.32 401.24 0.9996 9.55% −11.82%
12 4(22) 2(4) 375.77 10.72 375.92 0.9996 15.26% −5.88%
13 5(29) 2(4) 342.89 6.83 342.96 0.9998 22.67% 32.55%
14 6(37) 2(4) 370.60 11.13 370.77 0.9995 16.42% −9.92%
15 7(41) 2(4) 362.81 8.09 362.90 0.9998 18.18% 20.06%
16 8(52) 2(4) 399.78 8.06 399.86 0.9998 9.84% 20.39%
17 1(1) 3(6) 439.15 13.73 439.37 0.9995 0.96% −35.67%
18 2(6) 3(6) 400.89 11.46 401.06 0.9996 9.59% −13.18%
19 3(14) 3(6) 349.58 6.63 349.64 0.9998 21.16% 34.52%
20 4(22) 3(6) 381.34 8.45 381.44 0.9997 14.00% 16.54%
21 5(29) 3(6) 381.37 7.83 381.45 0.9998 13.99% 22.62%
22 6(37) 3(6) 354.51 8.35 354.61 0.9997 20.05% 17.51%
23 7(41) 3(6) 444.82 13.80 445.03 0.9995 −0.31% −36.33%
24 8(52) 3(6) 453.97 9.97 454.08 0.9998 −2.38% 1.47%
25 Plane bulldozing plate 443.43 10.12 443.54 0.9998

The test results in Table 4 were drawn into line charts of working resistance, as shown
in Figure 8, in which theoretical resonance curves of acceleration–velocity amplitude–
frequency characteristics are also provided for references. Since the law of acceleration–
velocity amplitude–frequency characteristics approximates variations of the impacted
oscillation force of the excited object, soil, the curves can approximately reflect the variations
law of the vibration energy of the excited soil [41].

As can be seen in Figure 8a, both frequency and amplitude had an impact on resistance
reduction effects of the bulldozing plate sample. Additionally, most self-excited vibrating
bulldozing plate models exerted considerable inhibiting effects on the horizontal working
resistance in the expected resistance reduction region 0~41 Hz. At the resonance point
of 29 Hz, the resistance values of the self-excited vibrating bulldozing plate models with
geometric wave amplitudes of 2, 4 and 6 mm were 387.08, 342.89 and 381.37 N, respectively,
decreased by 12.71%, 22.67% and 13.99% compared with those of the plane bulldozing
plates. Additionally, at other frequency points for expected possible resistance reduction,
including levels 2, 3, 4 and 6 in Table 3, that is, working points 2, 3, 4 and 6 in Figure 5a, the
horizontal working resistance values of the bulldozing plate models with corresponding
frequency values of 6, 14, 22 and 37 Hz were also lower than those of the plane bulldozing
plates. The above test results are basically consistent with the theoretical expectations,
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namely, the conditions for resistance reduction due to amplifications of vibration intensity
were met in wider frequency bands (0 < ft < 1.414 f 0), and the closer to the resonance
zone (22 Hz = 0.75 f 0 < ft < 1.25 f 0 = 37 Hz), the more obvious the resistance-reduction
effect. However, working resistance values of the model bulldozing plates at expected
transition points (1 Hz, 41 Hz) and the expected poor resistance reduction points (ft = 1.758
f 0 = 52 Hz) all exceeded those at their respective corresponding resonance points. Horizon-
tal working resistance values of the 52 Hz, 6 mm bulldozing plate even exceeded those of
the plane bulldozing plate. These subtle differences in experimental results at the theoreti-
cal expected poor resistance reduction point might be caused by the slight differences in
resistance reduction bandwidth in the resonance zone, due to the uneven soil composition
and its natural frequency. In general, trends of the horizontal working resistance varying
with frequency were basically consistent with the theoretical analysis, and also consistent
with the research results of Zhang Pangang [32]. In other words, centered on the resonance
point, the law of the variations with the resistance with the frequency presented obvious
concave characteristics, whose trend was in good agreement with the theoretical resonance
curve of the convex. Comparatively, the average resistance reduction rates of the bulldozing
plate models with amplitudes of 2 and 6 mm were not much different, at 9.34% and 9.63%,
respectively. There are two reasons for this phenomenon. First, due to the relatively small
amplitude of 2 mm, the vibration energy transfer of the self-excited vibration bulldozing
plate in the process of cutting soil is relatively weak, and the working resistance is relatively
large. Second, due to the relatively large amplitude of 6 mm, the soil adhesion degree of the
bulldozing plate is relatively severe, resulting in a relatively high working resistance. The
4 mm amplitude is between the two, which can ensure a certain degree of vibration energy
transmission while also preventing excessive soil adhesion. Therefore, 4 mm amplitude
bulldozing plate models obtained lower horizontal working resistance in relatively wider
frequency bands around the resonance point. Among them, the bulldozing plate model
with an amplitude of 4 mm and a frequency of 29 Hz obtained the minimum value of
horizontal working resistance among all the test models.
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(a) Horizontal resistance; (b) vertical resistance.

As can be seen from Figure 8b, the vertical resistance of each self-excited vibrating
bulldozing plate was slightly larger than that of the plane bulldozing plate (its absolute
value being relatively small). The slight increase in vertical resistance is beneficial to
increase the vertical upward disturbance and crushing effect of the soil in front of the
soil-engaging surface, and to improve the frictional state between the soil and the soil-
engaging surface. This slight increase in vertical resistance, in turn, resulted in a much
lower horizontal and overall working resistance.
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3.2. Law of Soil Adhesion

Figure 9 shows all of the soil adhesion on the soil-engaging surface of the tested
bulldozing plate samples. The bulldozing plates shown in each column in Figure 9 are
consistent with Nos. 1~8, 9~16, 25 and 17~24 in Table 4, respectively. The amount of soil
adhesion on soil-engaging surfaces of the bulldozing plate model was relatively smaller
at the resonance points corresponding to three different amplitudes in Figure 9m–o. By
comparison of these photos of soil adhesion effects, it can be concluded that the bulldozing
plate model in the resonance region obtained relatively good effects of soil desorption
and loosening by means of a self-excited vibrated frequency spectrum structure of the
soil-engaging surface. Additionally, as a result, these models obtained relatively lower
working resistance. Referring to Figure 8, the working resistance of most measuring points
deviating from the resonance region was relatively higher, and the soil adhesion degree
shown in Figure 9 was also relatively severe. Plane bulldozing plates, or self-excited
vibrating bulldozing plates whose expected resistance reduction is poor, in the process of
cutting soil, were not conducive to the desorption of soil on the soil-engaging surface, and
would produce relatively large working resistance. This is basically consistent with the
theoretical expectation and results of the resistance test in terms of the variation trend.
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Figure 9. Soil adhesion on the soil-engaging surface of bulldozing plate with different frequencies
and amplitudes.

To sum up, by constructing spatial geometric waves of soil-engaging surfaces on the
basis of self-excited vibration and the resonance effect, modifying geometrical configura-
tions of soil-engaging surfaces reasonably, soil adhesion to the soil-engaging surface will
be greatly reduced, lower working resistance will be obtained, and expected resistance
reduction effects will be achieved, at a given working speed.

3.3. Adaptive Law of Resonance Resistance Reduction

Since there is a f 0 = uni relationship among the working speed u of the bulldozing
plate, the spatial geometric frequency ni and the natural frequency f 0 of the soil, the third
parameter can be determined, given any other two. Once the spatial geometry frequency
ni of the soil-engaging surface is given, it is difficult to change, while variable ranges of
the tool working speed u and the soil natural frequency f 0 are relatively open to vary
in practice.

Figure 10 illustrates theoretical mutual adaptation ranges between the working speed
of the bulldozing plate u and inherent frequency of the soil f 0 or excitation frequency of
the equipment ft, when the self-excited resonance resistance reduction phenomenon occurs
for a single soil-engaging surface frequency spectrum structure. In the above study, at
the resonance point ft = f 0 = 29 Hz and when the test speed 0.16 m/s, the required spa-
tial geometric frequency of the soil-engaging surface was ni = ft/u = 29/0.16 = 181.25 m−1.
When the working speed remained unchanged (0.16 m/s in the figure), and when the
effective resonance resistance reduction conditions recommended by the engineering expe-
rience was met, and the permittable variation range of the natural frequency of soil was
22 Hz = 0.75, f 0~1.25 and f 0 = 37 Hz. Similarly, given ni = 181.25 m−1, if the soil parameters
stable or natural frequency remain constant, the working speed u of the tool is also allowed
to have a certain change range. As shown in the figure, when the natural frequency of
the soil was constant at 29 Hz, the allowable variation range of the working speed of
the tool was 22/181.25 = 0.121 m/s~37/181.25 = 0.204 m/s, and considerable resonance
resistance reduction effect could still be maintained within this range. In this vein, referring
to the requirements of the theoretical resonance curve and engineering empirical resonance
zone, coordinated by ft = f 0 = uni, the permittable soil natural frequency (or tool excited
frequency) and working speed of the tool form an approximate elliptical region, which
means that even the constant single geometric frequency of the soil-engaging surface is
adaptable to a certain range of physical parameters of soil and the working speed of the
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tool. Additionally, within this range, a considerable resonance resistance reduction effect
could be maintained. This feature makes the technique adaptable to intricate production
and application requirements.
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frequency ft determined by the engineering experience resonance region.

The ray with slope 1/ni shown in Figure 10 consists of serialized elliptical center
points, which theoretically show that when the natural frequency of soil varies from low
to high, the working speed must increase according to the corresponding law to ensure
the realization of the self-excited resonance soil cutting effect. Additionally, as the natural
frequency of the soil varies from low to high, the ellipse area corresponding to each point of
the ray in Figure 10 also gradually changes from small to large, which means that in order to
ensure the realization of the resistance reduction effect of self-excited resonance soil cutting,
variation in the soil natural frequency (or tool excitation frequency) and working speed is
allowed to increase as the mean soil natural frequency increases. Additionally, this law can
also be interpreted as follows: for harder plots, or land masses with larger soil stiffness or
higher natural frequencies, the resistance reduction structure of the soil-engaging surface
spectrum whose fixed frequency is designed on the principle of self-excited resonance has
relatively stronger adaptability to the actual soil natural frequency, excitation frequency of
tools, or fluctuations of the working speed of the tool, and vice versa.

This study verified the feasibility of using the resonance effect to achieve resistance
reduction by superimposing a single excitation frequency on a planar substrate. Due to
the narrow resonance zone generated by a single excitation on the soil, a good resistance
reduction effect was achieved only near the natural vibration frequency of the soil. Once
the soil vibration frequency changes, the single excitation frequency of the soil-engaging
surface space designed according to the initial test soil fundamental frequency can easily
deviate from the actual soil natural frequency, and the resonance state of the cultivated
soil cannot be excited properly, thus making the final resistance reduction effect worse.
At a later stage, the theory will be expanded by setting multiple excitation frequencies on
the soil-engaging surface to further explore the complete multi-spectral result design and
resistance reduction theory of the soil-engaging surface.
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4. Conclusions

Forms of self-excited vibration tillage of soil were implemented by means of construct-
ing a spatial geometric frequency spectrum on soil-engaging surfaces; by coupling the
resonance effect, the effects of soil desorption, loosening and resistance reduction during
the cutting process might largely improve near the resonance point. Under study condi-
tions, the bulldozing plate model at the 4 mm amplitude 29 Hz resonant point achieved the
best effect on soil desorption and resistance reduction, with a maximum relative resistance
reduction rate of 22.67%, in comparison to the base plane bulldozing plate. In this vein, by
reasonably matching the working speed, the frequency bandwidth and variation ranges
of the working speed could be widened in the effective resistance reduction region near
the resonance point, which would enable this soil self-excited vibration cutting resistance
reduction method to obtain certain adaptability to soil conditions and the working mode.
This research, as an attempt to materialize patterns of self-excited vibration and specific
designed structures of resistance reduction by modifying spectrums of soil-engaging sur-
faces, is of essential significance to the resistance reduction design of related agricultural or
engineering vibrating soil cutting tools.

These conclusions were obtained in an indoor soil bin with relatively homogeneous
and consistent soil composition. As for real and complex soil conditions in which there
are rock particles, grass roots, etc., the components of their inherent vibration frequencies
are relatively complex. At this time, the self-excited vibration resistance reduction method
only by superimposing a single frequency geometric wave on the soil-engaging surface
will be limited. As for field soil conditions, the actual natural vibration frequency of soil
could be matched by superimposing multiple geometric spectrum structures of frequency
values on the soil-engaging surface simultaneously, in accordance with the actual soil
vibration parameters test and statistical results, and eventually the resistance reduction
effect in a wider frequency band would be obtained, greatly improving the adaptability of
the resistance reduction methods to soil conditions and the working modes of tools.
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