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ABSTRACT To reduce the working resistance and soil adhesion in the process of soil tillage or engineering
construction, this paper takes the bulldozing plate as the research object and takes the cutting angle and
the directrix form of the Soil engaging surface as the design variables and designs 15 groups of bulldozing
plate models for the soil bin experiments. The test results show that compared with the conventional circular
bulldozing plate, the horizontal working resistance of the bionic bulldozing plate with 50 degrees, 55 degrees,
and 60 degrees cutting angles is reduced by 44.46 %, 39.74 %, and 10.32 %, respectively. 55 degrees cutting
angle bionic bulldozing plate to reduce adhesion and front soil fluctuations best; each performance index of
the parabolic bulldozing plate is relatively balanced and stable. An entropy-weighted grey relational analysis
method is proposed to quantitatively analyze and sort the comprehensive performance of bulldozing plates.
Then, the influence law between the horizontal resistance, vertical resistance, and the total resistance of the
bulldozer during stable operation and soil adhesion and soil fluctuation state is studied. The hypothesis of
the internal influence relationship between the intrinsic micro-geometric characteristics and the macroscopic
comprehensive mechanical properties of the soil engaging surface of the bulldozing plate is proposed, and it
is pointed out that the essence of the change of the cutting angle and the directrix form of the soil engaging
part is the change of the directrix curvature of the soil engaging surface and the soil. It is proposed to optimize
and edit the directrix curvature trend of the soil engaging surface and then reverse the directrix equation so
as to realize the optimal design of the soil engaging surface. The research in this paper provides a reference
for the design and optimization of reducing adhesion and resistance of soil engaging components.

INDEX TERMS Bulldozing plate, soil engaging surface, bionics, entropy-weighted grey relational analysis,
reducing adhesion and resistance.

I. INTRODUCTION
Humans consume a lot of energy daily to complete agri-
cultural soil tillage and various engineering construction
operations, and even gradually expand to seabed exploration
and planetary development. The relevant soil engaging com-
ponents or soil-cutting tools consume about 40-60% of the
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power of the whole machine during the working process,
trying to reduce its working resistance, is of great significance
to energy conservation and emission reduction.

In the process of long-term soil environment life, some
animals in nature have evolved their claws and toes for hun-
dreds of millions of years and gradually formed excellent
biomechanical functions. Its specific curved claw toe shape
not only reduces adhesion between the claw toe and the
soil during excavation but also has extremely low working
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FIGURE 1. Inner-contour geometric line features of vole claw toe.

resistance. This provides a bionic research idea for the design
of soil engaging surface geometry of various soil working
components to reduce resistance.

To solve these problems cutting tools often suffer from
low efficiency, poor quality, and high energy consumption
due to adhesion, abrasion, or friction on the surface; several
scholars have introduced bionics into the design of tools [1].
Yu et al. [2] designed a bionic potato digging shovel based
on mole rat’s digits using a biomimetic macroscopic surface
modification method and verified its feasibility and effec-
tiveness. Yang et al. [3] developed efficient tillage or digging
tools inspired by the geometric structure of the mole’s five
claws to minimize the soil shear resistance of the optimal
blade. The geometric characteristics of dozens of paws and
toes of some animals (includingmole crickets, roosters, house
mice, ground squirrels, pangolins, ants, etc.) with excellent
digging functions were analyzed. The results showed that the
curvatures of the inner and outer contour lines of paws and
toes, especially the curvature of the inner contour line, had
fluctuating characteristics and were not the simple circular
or parabolic surfaces imagined [4], [5], [6], [7]. So, does this
bionic soil engaging surface with variable curvature have bet-
ter resistance reduction characteristics than a simple circular
arc surface or parabolic surface? If so, what kind of resistance
reduction mechanism does it have? How does it achieve the
adhesion and resistance reduction function?

Inspired by this, the exploration of the general form of ideal
soil engaging surfaces in this paper was carried out, and the
characteristic curves (bionic lines) of the inner contours of
typical vole paw-toe soil engaging surfaces were extracted
and studied based on the geometric analysis of various typ-
ical soil animal paw-toes in the early stage, as shown in
Figure 1.
As the bulldozer’s main working part, the bulldozer plate’s

power occupies about 40% of the effective power of the
bulldozer engine in the working process [4]. The complex
working environment often makes the bulldozing plate soil
engaging surface to increase the working resistance and
reduce the working efficiency due to the severe soil adhe-
sion [8], [9]. Trying to reduce the adhesion of the soil to
the soil engaging of the bulldozing plate and reduce the

working resistance of the bulldozing plate has become the
main research objective.

Researchers have proposed various surface resistance
reduction techniques for soil working components. Based on
the imitation of an earthworm back-hole jet, Gu et al. [10]
studied the drag reduction mechanism of the bionic jet sur-
face. Pneumatic subsoiling not only improved the small stress
problem of conventional subsoiling but also increased the
disturbance of soil by gas based on conventional subsoil-
ing, which achieves the effect of subsoiling and reducing
resistance and consumption [11]. Zuo et al. [12] conducted
a simulation experiment to observe the internal and external
changes of the soil before and after air pressure subsoiling
with 3 indices, including soil porosity, soil porosity increas-
ing rate, and soil surface uplift. The results showed that for
the effective radius of impact on the land surface, air pressure
subsoiling was about 2-2.5 times higher than conventional
subsoiling and at least 3 times higher on the plow pan.
Zhang et al. [13] even tried to reduce the working resistance
of soil working parts utilizing local explosive shocks, and the
resistance reduction effect was up to 25% for a given operat-
ing condition. This high-pressure fluid injection lubrication
method has played a good role in reducing resistance but also
faces many ancillary devices, additional energy consump-
tion, and high-cost disadvantages. Keppler et al. [14] found
during discrete element modeling of soil-tool interactions
that the free vibration of the tillage tool induced by soil-
tool interaction had a significant effect on the measured
draft force. Liu et al. [15] explored the vibration response
characteristics of soil under sinusoidal vibration and the
mechanism of soil detachment, indicating that reasonable
setting of vibration parameters can improve the soil detach-
ment performance of the adhesion system at the interface
between soil and metal surfaces. Niyamapa and Salokhe [16]
found that both the horizontal force and vertical force of the
blade of the vibration tillage tools decreased with the increase
in oscillating frequency. Although the vibration mode can
reduce the working resistance, the vibration systemmakes the
machine structure complex; the cost will be correspondingly
increased and accompanied by the generation of parasitic
power. The bionic electroosmosis method has a good effect
on solving the adhesion problem of some soil engaging
components, but it is limited when applied to high-speed
tangential sliding soil working components such as bulldoz-
ing plates [17]. Massah et al. [18] designed a soil engaging
plate with optimized operating parameters using biomimetic
electro-permeation technology, which reduced the soil adhe-
sion of the plate by 29.8% to 90% compared to conventional
plates. The bionic non-smooth technology is used to reduce
the working resistance of the soil engaging surface of the bull-
dozing plate. Through the selection of non-smooth convex
pack forms such as spherical and corrugated, the distribu-
tion law and the optimization design of specific structural
parameters, the contact state between the soil and the soil
engaging surface of the bulldozing plate is changed. Then
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the desorption effect of the soil relative to the soil engaging
surface is improved, and the overall working resistance is
reduced [19], [20]. Chirende et al. [21] applied the concept
of bionic non-smooth surfaces to disc plows in their research
to reduce soil resistance. The results from the indoor soil
bin experiments showed that the convex bionic units had the
highest resistance reduction of 19% compared to the concave
bionic units. Wu et al. [22] obtained the non-smooth surface
morphology of the antlion by scanning electron microscopy
and established the motion model of the non-smooth surface
in soil, and deduced that the height of the non-smooth drag-
reducing surface bump is proportional to the square of the
distance between two bumps and inversely proportional to the
square of the motion velocity.

The above-mentioned fluid injection lubrication, vibration,
bionic electro-osmosis, and bionic non-smoothing methods
can achieve the purpose of desorption drag reduction to a cer-
tain extent. However, these methods are difficult to promote
due to poor wear resistance, complex processing technology,
excessive auxiliary parts, extra energy loss, and other issues.
Reasonable optimization of the macroscopic geometry of
the bulldozing plate can effectively reduce the adhesion and
working resistance of the soil to the soil engaging surface.
The resulting soil working components have the characteris-
tics of simple structure, reliable operation, low maintenance
cost, and low additional energy consumption.

Therefore, scholars have been exploring optimizing the
shape of the bulldozing plate’s macroscopic soil engaging
surface and establishing a reasonable mathematical model
of the soil engaging surface to reduce the adhesion and
working resistance of the soil to the soil engaging sur-
face. Niu et al. [23] investigated the effect of different bionic
surfaces on tillage resistance by finite element simulation
and experiment. The results indicated that the bionic tiller
with discontinuous microstructures reduced the horizon-
tal and vertical forces by 21.3% and 24.8%, respectively.
Zhao et al. [24] studied the effect of different edge curve
geometries on torque requirements and soil disturbance char-
acteristics. As the sliding cutting angle of the edge curve
tip increased, the average torque requirement decreased,
and fewer soil particles were thrown upward. He et al. [25]
developed blades with three lengths of horizontal plates and
different cutting rake angles to perform soil cutting and bull-
dozing experiments. The results showed that the blade with
horizontal plates could reduce the working resistance of the
soil engaging surface when the rake angle was greater than a
certain threshold. Li et al. [26] developed a numerical model
using the discrete element method to simulate the interaction
between the bear claw with soil, and the results showed that
the draft and vertical force varied linearly and nonlinearly
with the raking angle of the claw, respectively. It is not enough
to reduce the working resistance of the soil engaging surface
by changing the cutting angle. The blade shape affects the cut-
ting resistance of the blade and can be designed to reduce the
working resistance of the tillage implements. He et al. [27]

studied the effect of cutting depth and horizontal plate length
on the cutting resistance of the blade through soil cutting
experiments, and the results showed that when the cutting
depth is the same, the cutting resistance firstly decreases and
then rises with the increase of the horizontal plate length.
Hoseinian et al. [28] developed a dual sideway-share subsur-
face tillage tool with a total cutting width of 53 cm and
harrow and tilt angles of 15 and 10 degrees, respectively,
using the discrete element method modeling to optimize its
geometry. The concave cutting edges of the no-tillage opener
can reduce soil disturbance relative to straight and convex
cutting edges [29]. Gill and Vandenberg [30] pointed out
early that the design of curved soil engaging surfaces can
effectively reduce the working resistance of soil-working
components. In engineering practice, the soil engaging sur-
face of the bulldozing plate is mostly in the form of a circular
arc or a combined circular arc-linear combination [30], [31],
[32]. Parabolic plow surface is often used in agricultural
soil tillage and has a good effect of adhesion and resistance
reduction [33].
In addition to circular and parabolic surfaces, the author’s

previous studies have shown that certain contour curves of
the paw-toe soil engaging surfaces of animals with excellent
digging function, when used as the soil engaging surface
directrix of deep loosening shovel by bionic design, can
reduce the resistance up to 35% compared with the circular
arc type deep loosening shovel, and the maximum resistance
reduction up to 60% compared with the straight pattern sur-
face deep loosening shovel [31], [34], [35].

Therefore, to optimize the macroscopic geometry of the
macroscopic soil engaging surface of the bulldozing plate
is mainly to optimize the directrix and the curvature of the
directrix forming the soil engaging surface, thus affecting the
normal pressure on the soil sliding across the soil engag-
ing surface and the slip or slip crack surface of the soil
being cut, and then affecting the total working resistance and
soil fluctuation effect, to achieve the purpose of reducing
adhesion and resistance. In this paper, a series of preferably
selected bulldozing plates with different curvature directrix
are tested. The influence law between the form of bulldoz-
ing plate’s directrix and mechanical properties is explored
by combining the entropy-weighted gray relational analysis
method. The hypothesis is put forward to provide a reference
for the design of bulldozing plates to reduce adhesion and
resistance.

II. METHODOLOGY
A. CONTRIBUTION ANALYSIS METHOD
The contribution analysis method mainly uses the regression
of DOEs to calculate the contribution, which is used for rank-
ing the contribution of design variables to the performance
target and screening the design variables in high dispersion
or high nonlinearity analysis to reduce the computational
cost and improve the efficiency of optimal design, and its
analytical calculation steps are as follows.
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Step 1: Normalize processing
A DOEs approach was used to obtain a sample of experi-

ments between design variables and response characteristics.
The design variables have different design spaces, contribu-
tion values also change in the design space, and the sample
data input needs to be normalized using formula (1):

x∗

i =
xi − x̄

σ
=

(
xi −

1
N

N∑
i=1

xi

)
×


√√√√ 1
N

N∑
i=1

(xi − x̄)2

−1

(1)

where x̄ is the average value of the sample data; σ is the
standard deviation; N is the total number of sample data; xi
is the original input, and x∗

i is the normalized input.
Step 2: Contribution analysis
If there are k design variables (x1, x2, . . . , xk ), then any

response characteristic can be expressed by a multiple regres-
sion model as:

P (x1, x2, . . . , xk) = µ +

k∑
i=1

Qi (xi)

+ . . . +

k∑
i=2

k−1∑
j=1

Rij
(
xi, xj

)
+ ε (2)

where P(x1, x2, . . . , xk ) is any response characteristic;
k∑
i=1

Qi (xi) is the main effect of the design variable;
k∑
i=2

k−1∑
j=1

Rij
(
xi, xj

)
is the crossover effect of any two design variables;

µ is a constant term and ε is the deviation.
The main effect of the design variable can be expressed by

formula (3):

k∑
i=1

Qi (xi) =

k∑
i=1

β̂ixi (3)

Therefore, the contribution of the design variables can be
defined by formula (4):

Nxi =
100β̂i∑
i

∣∣∣β̂i∣∣∣ i = 1, 2, . . . , k (4)

where β̂ is calculated coefficient of design variable xi using
the least squares estimationmethod andNxi is the correspond-
ing contribution of design variable xi.

B. GREY RELATIONAL ANALYSIS
GRA is a method that uses grey relational grade (GRG) to
measure the degree of approximation between the experimen-
tal and ideal sequences. It is widely used in multi-objective
and multi-decision optimization problems and has com-
prehensive advantages in solving complex decision-making
problems [26]. The specific steps of GRA are as follows:

Step 1: Data pre-processing
Due to the different orders of magnitude of experimen-

tal data, GRA may not be able to obtain reliable, optimal

solutions, so it is necessary to convert the experimental
data into a set of dimensionless data between 0.00 and
1.00 for further quantitative analysis. Different data pre-
processing techniques can be used according to the response
characteristics.

If the response characteristic has the characteristics of
‘‘bigger is better,’’ the normalizationmethod can be expressed
as:

x∗
i (k) =

xi (k) − minkxi (k)
maxkxi (k) − minkxi (k)
(k = 1, 2, · · ·n; i = 1, 2, · · ·m) (5)

If the response characteristic has the characteristic of
‘‘lower is better,’’ the normalization method can be expressed
as:

x∗
i (k) =

maxkxi (k) − xi (k)
maxkxi (k) − minkxi (k)
(k = 1, 2, · · ·n; i = 1, 2, · · ·m) (6)

If the response characteristic is ideal concerning a specific
value, the normalization method can be expressed as:

x∗
i (k) = 1 −

|xi (k) − T |

max [maxkxi (k) − T , T − minkxi (k)]
(k = 1, 2, · · ·n; i = 1, 2, · · ·m) (7)

where x∗
i (k) is the k-th response characteristic value of the i-

th experiment after normalization; xi(k) is the initial design
value of response characteristic; minkxi(k) and maxkxi(k) is
the minimum and maximum value of all response character-
istics xi(k), k = 1,2,. . . , n; i = 1,2,. . . , m; m is the number of
experiments; n is the number of response characteristics, and
T is the specific value.

Step 2: Calculate the grey relational coefficient (GRC)
The GRC of the k-th response characteristic of the i-th

experiment is expressed as:

γ
(
x∗

0 (k) , x∗
i (k)

)
=

△min + ζ△max

△0i (k) + ζ△max
(8)

where x∗

0 (k) is the experimental reference sequence; x∗i (k)
is the initial experimental sequence; 10i(k) = |x∗

0 (k) −

x∗
i (k)| is the absolute difference between x∗

0 (k) and x∗
i (k);

△max = max
i
max
k

△0i(k) and △min = min
i
min
k

△0i(k) are the

maximum and minimum values of 10i(k), respectively; ξ is
the distinguishing coefficient, ξ ∈ [0,1], which is generally
defined as 0.5.

Step 3: Calculate the GRG
The GRG is calculated by averaging the GRC and

expressed as:

Γ
(
x∗

0 , x∗
i
)

=
1
n

∑n

k=1
γ
(
x∗

0 (k) , x∗
i (k)

)
(9)

where Γ is the GRG, and n is the number of response
characteristic.

According to formula (9), the GRG of each design scheme
can be obtained. According to the size of GRG, each design
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scheme can be sorted to obtain the optimal scheme with
comprehensive performance. The design scheme with the
highest GRG value through calculation represents the scheme
with the best comprehensive performance.

C. ENTROPY-WEIGHTED GREY RELATIONAL ANALYSIS
(EGRA)
The entropy weight method is used to determine the weight
of objective function. The higher entropy weight, the greater
the weight of objective function in the optimization process.

The mapping function fi:[0,1] → [0,1] applied in the
entropy must satisfy the following three conditions, fi(0) =

0, fi(x) = fi (1)-x), and fi(x) must be monotonically increas-
ing in interval x ⊂ (0,0.5); Therefore, the function we(x)
is defined as the mapping function of the entropy weight
method:

we (x) = xe(1−x) + (1 − x) ex − 1 (10)

where we(x) takes its maximum value at x = 0.5,
we(0.5)=0.6487. At the same time, to ensure that themapping
function can take values within the range [0,1], the following
new entropy is defined:

W =
1(

e0.5 − 1
)
n

n∑
i=1

we (xi) (11)

According to the above definition and the GRC, the steps
for determining the weight of each objective function are as
follows:

(1) In all design schemes, the sum of the GRC correspond-
ing to the k-th response characteristic:

Tk =

m∑
i=1

γ
(
x∗

0 (k) , x∗
i (k)

)
(k = 1, 2, 3, · · · · · · n) (12)

(2) Normalize the coefficients:

Nc =
1(

e0.5 − 1
)
m

=
1

0.6487m
(13)

(3) The entropy of each response characteristic can be
written as:

ek = Nc
m∑
i=1

we

(
γ
(
x∗

0 (k) , x∗
i (k)

)
Tk

)
(k = 1, 2, 3, · · · · · · n)

(14)

(4) The sum entropy can be expressed as:

E =

n∑
k=1

ek (15)

(5) The relative weight can be calculated as follows:

βk =
1

m− E
(1 − ek) (16)

FIGURE 2. Diagram of the angle parameters of the bulldozing plate.

(6) The weight of the k-th response characteristics can be
written as:

ωk =
βk∑n
i=1 βi

(17)

Since each response characteristic’s relative significance
may differ, the simple averaging method of formula (9) may
lead to an inaccurate evaluation of the GRG. Therefore,
according to formula (17), the weight of each response char-
acteristic can be obtained, and different weights are assigned
to the response characteristic to carry out EGRA:

Γ
(
x∗

0 , x∗
i
)

=

∑n

k=1
ωkγ

(
x∗

0 (k) , x∗
i (k)

)
(18)

where ωk is the weight of the k-th response characteristic.
According to formula (18), EGRA sorting can be per-

formed to obtain optimal comprehensive performance solu-
tions. The design with the highest EGRA value represents the
best overall performance.

III. DESIGN AND MACHINING OF BULLDOZING PLATE
STRUCTURE
A. BULLDOZING PLATE DESIGN PARAMETERS
The guiding effect of the soil-engaging surface on the soil
is reflected in the cutting angle of the bulldozing plate, the
rear angle α, the tip angle of the shovel β, the front flip angle
βk , and the oblique mounting angle ε, which should meet the
requirements of actual production, good guiding restraint will
improve the efficiency of the bulldozing plate and the perfor-
mance of disengagement and drag reduction [36], Figure 2
shows the schematic design of the structure of the bulldozing
plate, where the left line is the directrix of the soil-engaging
surface of the bulldozing plate.

B. BULLDOZING PLATE DIRECTRIX FORMS
Based on the study of the soil-engaging surface of conven-
tional bulldozing plates, the authors found, Different Direc-
trix forms were designed by varying the trend of Directrix
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TABLE 1. Directrix equations.

curvature and applied to the design of the soil-engaging
surface of the bulldozing plate, Achieving good results [34].
In this paper, we select circular, parabolic, cycloidal, involute,
and bionic quasi-linear forms of bulldozing plate to study,
The Directrix equations of each soil-engaging surface for
cutting angles of 50◦, 55◦, and 60◦ are shown in Table 1, The
directrix forms are shown in Figure 3.

C. BULLDOZING PLATE REDUCTION MODEL PROCESSING
Combined with the design parameters of the bulldozing plate
in Figure 2 and Table 1, 15 test equal scale reduced bulldozing
plates were designed, and the design parameters of each
bulldozing plate are shown in Table 2. The height and degree

of the test bulldozing plate are 150mm and 300mm respec-
tively, and the height-to-width ratio is 0.5. The completed test
bulldozing plate is shown in Figure 4. The bulldozing plate
is circular, parabolic, cycloidal, involute, bionic, and linear,
from left to right, Each Directrix form has three bulldozing
plates with cutting angles of 50◦, 55◦, and 60◦ in that order.

IV. BULLDOZING PLATE WORKING RESISTANCE
ANALYSIS
A. BULLDOZING PLATE WORKING RESISTANCE TEST
1) TEST EQUIPMENT
The required equipment for the test is shown in Table 3, and
the corresponding test equipment is shown in Figure 5.

VOLUME 11, 2023 78005
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TABLE 2. The specific parameters of bulldozing plate.

FIGURE 3. Directrix form.

2) SOIL PARAMETERS
The TE-3 soil hardness meter and ZQB-4 shear meter were
used to obtain the average hardness and shear force of

the test soil, combined with the ‘‘weight method’’ to test
the soil moisture, Table 4 shows the parameters of soil
characteristics.
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TABLE 3. Test equipment.

FIGURE 4. 15 test bulldozing plates.

TABLE 4. The parameters of soil characteristics.

B. SOIL TANK TEST METHOD
The specific test method is that the electric hoist pulls the
cart along the track of the soil trough through the wire rope,

the travel speed of the cart is 0.08m/s, and the plowing depth
of the bulldozing plate is 30mm. As in Figure 6(a), the cart
pushes the bulldozing plate forward through the sensor, due
to the obstruction of the soil on the bulldozing plate, all
three sensors will be subjected to the force, and the sensor
will convert the force signal into an electrical signal and
transmit it to the test system data acquisition box through the
data line, the signal will be processed by the acquisition box
and transmitted to the computer, and finally, the computer
will present the signal in the form of data in the computer
interface. The specific test principle is shown in Figure 6 (b).
The specific test contents include: (1) Installing the test

equipment and testing whether the test device and software
can operate normally. (2) Finishing the soil, mainly including
the processes of sprinkling, tilling, raking, crushing, scraping,
compaction and measuring. (3) The main soil parameters
such as soil hardness, soil shear strength, soil moisture,
and internal friction angle are measured according to the
test requirements. (4) Measure the distance S traveled by
the dolly within a period of time T with a tape measure
and calculate the travel speed of the dolly according to the
speed formula V=S/T. (5) Adjustment of the dozer plate
and setting of software parameters. After the installation
of the dozer plate is completed, the vertical and horizon-
tal of the dozer plate is ensured by adjusting the sensor
double-headed bolts. The upper sensor mainly controls the
vertical direction of the dozer plate, and the left and right
sensors mainly control the horizontal direction of the dozer
plate. The parameter setting mainly refers to the setting
of sampling frequency and channel parameters of the data
acquisition box.
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FIGURE 5. The test equipment.

TABLE 5. Soil adhesion evaluation criteria.

The soil adhesion grade is classified as minor, slight, mild,
moderate, and severe according to the degree of soil adhesion
to the bulldozing plate, and the specific evaluation criterion
is the percentage of soil adhesion area to the bulldozing plate
area. Table 5 shows the quantified evaluation criteria for soil
adhesion. Figure 7 shows a schematic diagram of each soil
adhesion evaluation criterion.

C. WORKING RESISTANCE AND SOIL ADHESION
ANALYSIS
Each group of tests was repeated three times, and the
average of the three sets of results was taken as the
final result. The test results of the working resistance
and adhesion of the bulldozing plate, are shown in
Table 6.
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TABLE 6. Test results on working resistance and adhesion of bulldozing plate.

FIGURE 6. Test method and principle.

According to Table 6, the bionic bulldozing plate has the
lowest working resistance at a cutting angle of 50◦. Still, the
soil adhesion is not as good as that of the bionic bulldozing
plate with a cutting angle of 55◦. Compared to the circu-
lar bulldozing plate, the parabolic bulldozing plate reduces
the horizontal working resistance by 37.32%, 21.52%, and
27.05% for cutting angles of 50◦, 55◦, and 60◦, respectively.
Cycloid bulldozing plate s decreased by 15.45%, -0.72% and
0.24%, respectively. The involute bulldozing plates decreased
by 33.75%, 25.57%, and 9.10%, respectively. The bionic
bulldozing plates decreased by 44.46%, 39.74%, and 10.32%,
respectively.

The working resistance of the bulldozing plate mainly
comes from the horizontal direction, the same directrix form
of the bulldozing plate, the greater its horizontal working
resistance, the more serious the soil adhesion condition. Soil
fluctuation and adhesion at the front end of the bulldozing
plate will be studied in the next section. The test results of
the horizontal working resistance of the bulldozing plate are
analyzed in Table 7.

According to Table 7, in the range of cutting angle
50◦

∼ 60◦, the average horizontal working resistance of the
bionic bulldozing plate is the smallest, and its mechanical
properties are the best, while the circular bulldozing plate is
the worst. The change in cutting angle has the greatest effect
on the working resistance of the bionic bulldozing plate and
the least effect on the cycloidal bulldozing plate. For the five
directrix forms, each bulldozing plate’s average horizontal
working resistance at a 50◦ cutting angle is the lowest, and
its applicability is the best, while the 60◦ cutting angle is the
worst. The change in directrix form has the greatest effect
on the horizontal working resistance of the bulldozing plate
at a 50◦ cutting angle and the least effect on the horizontal
working resistance of the bulldozing plate at a 60◦ cutting
angle.

V. ANALYSIS OF SOIL FLUCTUATIONS AT THE FRONT
END OF THE BULLDOZING PLATE
A. SOIL FLUCTUATION TEST PROGRAM
This paper investigates the stress fluctuation behavior of the
soil at the front end of the bulldozing plate under different
directrix forms and cutting angle conditions. The working
speed and working depth of the bulldozing plate in the test
remained at 0.08m/s and 0.30m. An experimental study was
conducted to investigate the dynamic behavior changes of the
soil at the front end of the above 15 different directrix forms
of the bulldozing plate.

The whole test needs to be repeated several times.
To ensure that the state of the soil is consistent for each test,
the soil needs to be pretreated before the test so that the main
parameters, such as water content and hardness of the soil,
are maintained within a certain range. In order to clearly
capture the process of changing stress fluctuation behavior
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FIGURE 7. Soil adhesion evaluation criteria diagram.

FIGURE 8. The soil division.

of the soil at the front end of the soil-engaging surface of
the bulldozing plate, it is necessary to create multiple layers
of soil and divide the entire soil tank into three areas based
on the working depth of the bulldozing plate, the observed
area of soil stress fluctuation behavior and the results of the
commissioning test. The top area is the soil surface to the
working depth of 10mm, the middle area is a 2∼5mm split
area composed of white gypsum powder, and the bottom area
is the lower edge of the split area to the bottom of the soil
trough. The white gypsum powder was laid flat in the same
position for each test, as shown in Figure 8.

B. EFFECT OF CUTTING ANGLE ON SOIL FLUCTUATIONS
When contact and interaction occur between the bulldozing
plate and the soil, it produces two main effects on the soil at
its front end: a cutting effect and a pushing effect. The cutting
angle is an important factor influencing the change in soil
fluctuation behavior. The dynamic behavior of the stresses
in the soil at the front end of the bulldozing plate varies
considerably for different cutting angles in the same directrix
form. Analyzing 15 sets of tests, the trend of the effect of
cutting angle on the change of dynamic behavior of soil stress
at the front end of the bulldozing plate with different directrix
forms is similar.Meanwhile, the circular directrix form is now
widely used in production, and the preliminary test results
show that the mechanical properties of the bionic directrix
form are superior. Therefore, in this paper, the effect of the
cutting angle on the change of the dynamic behavior of soil
stress at the front end of the bulldozing plate is analyzed when
the soil accumulation at its front end reaches a steady state,

taking the circular bulldozing plate and the bionic bulldozing
plate as examples, as shown in Figure 9.
When the cutting angle is smaller, the cutting action of

the bulldozing plate dominates, and the vertical force of the
bulldozing plate on the soil is relatively larger at this time,
which intensifies the degree of soil fluctuation and is reflected
in the overturning, breaking, and fracturing of the soil, see
Figure 9 (a) and (b). Specifically, the fluctuation amplitude
of the soil arch at the front of the bulldozing plate (i.e., the
amplitude of fluctuation on the same step fault on the white
marker line) increases and this situation causes the vertical
extrusion of the soil at the front end of the bulldozing plate to
become larger. The vertical fluctuation of the soil increases,
and adhesion is reduced. When the cutting angle increases,
the soil-pushing action of the bulldozing plate dominates; at
this time, the vertical force of the plate on the soil decreases,
and the fluctuation of the soil at the front end of the plate
decreases, which is reflected in the layering, twisting, and
piling of the soil, see Figure 9 (e) and (f). This situation causes
the longitudinal compression of the soil at its front end by the
bulldozing plate to become larger, with increased horizontal
resistance and increased adhesion.

C. EFFECT OF DIRECTRIX FORM ON SOIL FLUCTUATION
The directrix form is the main feature of the soil-engaging
surface of the bulldozing plate. The variation of this feature
plays the most important role in influencing the dynamic
behavior of the soil at its front end. Different directrix forms
of the bulldozing plate have a great influence on the soil
fluctuation at its front end. Figure 10 shows the experimental
diagram of the fluctuating behavior of different directrix
forms of the bulldozing plate on the soil at its front end when
the soil accumulation at the front end of the soil-engaging
surface of the bulldozing plate reaches the basic steady state
under different cutting angle conditions.

As shown in Figure 10, the fluctuating form of soil at the
front end of the bulldozing plate can be classified as layer-
ing, twisting, stacking, overturning, breaking, and fracturing.
Each form corresponds to a different working resistance and
soil adhesion. In addition to the influence of the cutting angle,
the directrix form of the soil-engaging surface of the bulldoz-
ing plate has a greater influence. The vertical resistance, soil
fluctuation form, and adhesion condition of the bulldozing
plate are summarized in Table 8.
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TABLE 7. Result of soil resistance of plates from soil bin test.

TABLE 8. Vertical resistance of the bulldozing plate, soil fluctuations, and adhesion conditions.

Combined with Figure 10 and Table 8, the fluctua-
tion and adhesion effect of soil at the front end of the
bionic and parabolic bulldozing plate is significantly bet-
ter than that of the involute, circular arc, and cycloidal
bulldozing plate, specifically in the form of soil over-
turning, breaking and fracturing caused by the bionic and
parabolic bulldozing plate and less adhesion, and soil layer-
ing, twisting and stacking phenomena at the front end of the
involute, circular arc and cycloidal bulldozing plate and more
adhesion.

When the same directrix form, the bulldozing plate vertical
resistance, the front end of the soil is more flip, broken,
fracture disturbance, so soil fluctuations loose fragmentation,
adhesion less. If the horizontal resistance of the bulldozing
plate is large, the soil at its front end is more layered, twisted,
and stacked, aggravating soil adhesion. Bionic, involute, and
parabolic bulldozing plate with better soil fluctuation and
adhesion even with smaller vertical resistance. And the work-
ing resistance, soil adhesion, and fluctuation of the bulldozing
plate vary greatly between different directrix forms. These

are all related to the curvature of the soil-engaging surface
directrix and need to be analyzed comprehensively.

VI. ANALYSIS OF BULLDOZER PLATE DRAG REDUCTION
AND SOIL FLUCTUATION
A. ENTROPY-BASED WEIGHTED GREY RELATIONAL
RANKING
Bulldozing plate working resistance, soil adhesion, and fluc-
tuating conditions interact with each other and are evaluated
with different criteria. Bulldozing plate working resistance,
soil adhesion, and fluctuating conditions interact with each
other and are evaluated by different criteria. Individual perfor-
mance comparisons cannot screen out the bulldozing plates
with excellent overall performance, nor can they be explored
in depth for their performance influence laws. Therefore, this
paper proposes an entropy-weighted gray correlation analysis
method to quantitatively rank the comprehensive perfor-
mance of the bulldozing plates. Combining Tables 1 and 8,
the horizontal resistance, vertical resistance, and total resis-
tance of the 15 groups of bulldozing plates were selected
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FIGURE 9. The influence on soil dynamic behavior in front of bulldozing
plates of cutting angle.

and ranked with soil adhesion and soil fluctuation states,
respectively, as shown in Table 9 and Figure 11. The general
objectives of the ranking are minimum horizontal resistance,
minimum vertical resistance, minimum total resistance, min-
imum soil adhesion, and moderate soil fluctuation (weighting
is taken as 0.5).

According to Figure 11, the total resistance, soil adhesion,
and fluctuation performance of the 55◦ cutting angle bionic

bulldozing plate are optimal; the horizontal resistance, soil
adhesion and fluctuation performance of the 55◦ cutting angle
bionic bulldozing plate is 2nd, the horizontal resistance, soil
adhesion and fluctuation performance of the 50◦ cutting angle
bionic bulldozing plate is 3rd, the total resistance, soil adhe-
sion and fluctuation performance of the 50◦ cutting angle
bionic bulldozing plate is 4th, and the vertical resistance,
soil adhesion and fluctuation performance of the 55◦ cutting
angle involute bulldozing plate is 5th. The 3 sets of bionic
bulldozing plate plates have the best overall performance, and
the 3 sets of parabolic bulldozing plate plates also have a good
and relatively stable overall performance.

B. DIRECTRIX CURVATURE AND OVERALL PERFORMANCE
Curvature is the rate of rotation of the tangential direction
angle to the arc length at a point on the curve, reflecting
the degree of curve deviation from a straight line, and can
deeply reflect the intrinsic geometric change characteristics
of the curve. Figure 12 gives the curvature variation of six
typical directrix lines (straight line, circular arc, parabola,
cycloid, involute, and bionic line), and explores the geometric
characteristics of soil-engaging surface directrix lines in three
aspects: curvature trend line, curvature radius comb, and
curvature radius center trajectory, respectively, and explores
the intrinsic law of its relationship with working resistance,
soil adhesion and soil fluctuation.

As shown in Figure 2, the curvature trend lines of various
directrix lines can be divided into three categories: constant
curvature trends (straight lines and circular arcs), single-
pole curvature trends (parabolic and cycloidal) andmulti-pole
curvature trends ( bionic and involute). Where the curva-
ture of both the bionic and parabolic front ends are convex
functions, and the bipolar convex function of the bionic cur-
vature, and contains inflection points. The normal pressure
on the soil sliding over this kind of soil-engaging surface
also changes, thus producing uneven fluctuations on the soil
at the front end of the bulldozing plate, which is conducive
to soil fragmentation and fracture, thus making the effect
of soil fluctuation obvious and less adhesion. From the slip
line field theory [23], this geometric feature is advantageous
for the rapid formation of slip fracture surfaces, reducing
the internal frictional resistance of the soil, etc. Although it
will increase the vertical force, the increase in vertical force
is small and a small percentage of the total resistance, and
this fluctuation reduces the soil adhesion of the bulldozing
plate and significantly reduces the horizontal resistance, thus
reducing the overall working resistance.

Therefore, a hypothesis is proposed: (1) The directrix
curvature of the soil-engaging surface contains convex func-
tions, multi-extremum points, inflection points, or bulldozing
plates with non-differentiable points, which can significantly
enhance the fluctuation of the soil at the front end of the
bulldozing plate, reduce soil adhesion, and reduce the hori-
zontal working resistance and total working resistance of the
bulldozing plate. (2) For the bulldozing plate with the same
directrix form of soil-engaging surface, the different cutting

78012 VOLUME 11, 2023



Z. Guo et al.: Comprehensive Study on the Mechanical Properties

FIGURE 10. Soil fluctuation behavior at the front end of the bulldozing plate with different directrix forms.
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TABLE 9. Comprehensive performance quantitative ranking tables.

FIGURE 11. Resistance, adhesion, and fluctuation entropy weighted gray
relational ranking.

angles, namely the different inclination angles of the soil-
engaging surface directrix, differ from the directrix equation
of the soil coordinate system. Although the relative curvature,
convexity and concavity, poles, and inflection points of the
directrix remain unchanged, their absolute values change in
the working coordinate system of the bulldozing plate and
the soil. Therefore, the change of cutting angle is essentially
still the change of the curvature of the soil-engaging surface
directrix relative to the soil. Although this change has no great
influence on the change of directrix form, it determines the
magnitude of vertical working resistance and the fluctuation
of soil. (3) Under the same directrix form of soil-engaging
surface, the large vertical resistancemakes the soil flip, break,
break, and other fluctuations obviously, reduces the soil
adhesion, and significantly reduces the horizontal working
resistance, thereby reducing the total working resistance; the
small vertical resistance reduces the soil fluctuation effect,
makes the soil stratification, distortion, and accumulation

FIGURE 12. The change trends of five line curvature.

obvious, reduces the soil adhesion, significantly increases the
horizontal working resistance, and increases the total working
resistance.

VII. CONCLUSION
In this paper, 15 groups of bulldozing plates with arc type,
parabolic type, cycloid type, involute type, and bionic type are
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designed. The soil-bin test studies the reducing adhesion and
resistance performance of each bulldozing plate. The influ-
ence law of the comprehensive mechanical properties of bull-
dozing plate soil engaging surface was analyzed regarding
macroscopic mechanical properties and microscopic intrinsic
curvature.

1. Combined with the entropy-weighted gray correlation
analysis method, a comprehensive evaluation and quanti-
tative ranking method for the performance of the working
resistance, soil adhesion, and soil fluctuation of the bull-
dozing plate is proposed, which provides a methodological
guide for the investigation of the intrinsic influencing fac-
tors of the excellent performance of the bulldozing plate.
The test shows that the bionic bulldozing plate has good
resistance and adhesion reduction performance and can
be optimized by optimizing the collinear form and cut-
ting angle to achieve the optimal design of soil touching
the surface of construction machinery such as bulldozing
plate.

2. A hypothesis is proposed: (1) The directrix curvature of
the soil engaging surface contains convex functions, multi-
extremum points, inflection points, or bulldozing plates with
non-differentiable points, which can significantly enhance
the fluctuation of the soil at the front end of the bulldozing
plate, reduce soil adhesion, and reduce the horizontal work-
ing resistance and total working resistance of the bulldozing
plate. (2) For the bulldozing plate with the same directrix
form of soil engaging surface, the different cutting angles,
namely the different inclination angles of the soil engag-
ing surface directrix, differ from the directrix equation of
the soil coordinate system. Although the relative curvature,
convexity and concavity, poles, and inflection points of the
directrix remain unchanged, their absolute values change in
the working coordinate system of the bulldozing plate and
the soil. Therefore, the change of cutting angle is essentially
still the change of the curvature of the soil engaging surface
directrix relative to the soil. Although this change has no great
influence on the change of directrix form, it determines the
magnitude of vertical working resistance and the fluctuation
of soil. (3) Under the same directrix form of soil engag-
ing surface, the large vertical resistance makes the soil flip,
break, break and other fluctuations obviously, reduces the soil
adhesion, and significantly reduces the horizontal working
resistance, thereby reducing the total working resistance; the
small vertical resistance reduces the soil fluctuation effect,
makes the soil stratification, distortion, and accumulation
obvious, reduces the soil adhesion, significantly increases the
horizontal working resistance, and increases the total working
resistance.

3. Prospects for later research: Through experiments, the
soil engaging surface of the bulldozing plate with excellent
performance is selected, and the variation law of its directrix
curvature is analyzed. A new curvature function that con-
forms to the hypothesis of this paper is spliced or optimized
by using a similar gene editing method. Then, the directrix
equation is obtained by the method of curvature reverse, and

then a new soil engaging surface is constructed to realize the
optimal performance design of the bulldozing plate.
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