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Abstract: The black soil of Northeast China has a strong adhesion ability because of its unique
physical properties, and the soil often adheres to the surface of the grouser shoes of tracked vehicles
during the operation. The adhesion performance depends largely on structure parameters of the
grouser shoes. The grouser height, the grouser thickness, and the grouser splayed angle were selected
as structure parameters. The adhesion force and adhesive soil mass were selected as indicators
of adhesion performance. Therefore, the mathematical model between structure parameters and
response indicators was established by the response surface method (RSM). The optimal parameters
combination was that the grouser height was 20 mm, grouser thickness was 6.34 mm, and grouser
splayed angle was 40.45°. The average data of verification experiments occurred when the adhesion
force reached 1.11 kPa and adhesive soil mass reached 22.68 g. Compared with the average value of
un-optimized experiment results, the adhesion force and adhesive soil mass reduced by 12.84% and
4.63%, respectively. The relative error of the predicted values and measured values was less than
5%, proving the reliability of the regression models. This study could provide a reference method
for parameters optimization, and a new structure of the grouser shoes of tracked vehicles will be
designed to reduce adhesion.

Keywords: soil adhesion; grouser shoe; structure parameters; optimization; black soil; RSM

1. Introduction

Black soil is mainly distributed in the Northeast China, with high moisture content,
low soil porosity, stickiness, and easy agglomeration [1,2]. After the rainy season, the
moisture content often exceeds 20% which is close to rheological properties, therefore,
the adhesion performance is very prominent [3,4]. Because of the strong adhesion, the
phenomenon of soil adhesion frequently occurs between the soil and the grouser shoes of
tracked vehicles, which significantly increases the energy consumption and the working
resistance and has greatly affected the production efficiency [5-7].

In order to reduce the undesirable influence of the soil adhesion, various studies have
been carried out in the past few years. Massah et al. [8] designed a bionic electro-osmotic
soil-engaging plate to investigate the effect of several design and functional parameters
on soil adhesion reduction during a simulated tillage operation. The results showed
that using the bionic electro-osmosis technology, plates’ soil adhesion reduced by 29.8%.
Barzegar et al. [9] applied the ultra-high molecular weight polyethylene (UHMW-PE) to
the surface of tine compared with the uncoated tine in the heavy clay soil to evaluate the
soil-tool adhesion of the UHMW-PE-coated tine. The soil did not adhere to the UHMW-PE
plastic tine while moving through the heavy clay soil. The results presented the self-
scouring ability and low adhesion characteristics of UHMW-PE. Marani et al. [10] studied
the effect of Nano-coating materials on reduction of soil adhesion and external friction and
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developed a precise measuring system to measure the adhesion and friction coefficient of
soil and metal. Nano-coated plates exhibited a much lower friction angle and less adhesion
than steel due to hydrophobic surfaces and roughness in the nanoscale. Ucgul et al. [11]
accounted for the soil adhesion and cohesion by using the hysteretic spring contact model
to establish the three-dimensional discrete element modelling (DEM) of tillage. Results of
modelling the direct shear test showed that the DEM could predict tillage draft and vertical
tillage forces in a range of soil and operating conditions. Zenkov et al. [12,13] analyzed the
temperature—time characteristics of three self-regulating heating elements and presented
the thermal effect as a method to combat ground-and-machine part adhesion. For reducing
the adhesion of soils to working bodies of machines, an intermediate layer at the interface
between the phases of the system was created, similar to a screen for intermolecular in-
teraction forces of phases, which has a lubricating effect. Ren et al. [14-16], based on the
principles of bionics, used the electro-osmosis method to reduce adhesion of soil against
loading shovel and designed and tested the pole plates of the non-smooth surfaces with
different dimensions. The results showed that the adhesion of soil to a shovel was sub-
stantially reduced at a low electro-osmosis voltage. Meanwhile, theoretical analysis was
carried out to reveal the mechanism of resistance reduction/anti-adhesion. Tong et al. [17]
studied the geometrical features and wettability of dung beetles and discovered that the
head was similar to bulldozing blades, and the forelegs have a tooth-like structure with
strong burrowing ability. Wang et al. [18] used the mild steel plate as a model to study
on the use of vibration to reduce soil adhesion. The vibration was produced by blowing
compressed air, and the frequencies between 60 Hz and 100 Hz were significantly effective
in removing soil from the blade during operation. The study explored a new mechanism
to prevent soil adhesion to machines. Jia et al. [19] analyzed the characteristic of earth-
worm motion and designed the anti-adhesion structure of a press roller, which revealed
the anti-adhesion mechanism of the rubber bulge structure. Field experiments showed
that the press roller with rubber bulge structure had a lower adhesive soil mass than the
conventional press roller. Sun et al. [20] extracted and analyzed the features of the bear
claws and designed a new soil plowing device for resistance reduction/anti-adhesion
using the discrete element method (DEM) simulation of the bear-claw bionic ditcher to
verify the accuracy of the model and obtained the motion characteristics. Zhang et al. [21]
and Sun et al. [22] summarized the biological structures of some soil-burrowing animals
by designing and developing the biomimetic disc furrow opener and other tillage imple-
ments, which presented the application of biomimetic for designing soil-engaging tillage
implements in Northeast China. From the present research, it could be concluded that
the methods of the biomimetic of bionic electro-osmotic, the UHMW-PE/Nano coating,
the DEM simulation, the self-regulating heating effect, the mechanical vibration, and the
biomimetic of soil-burrowing animals are commonly used to reduce the soil adhesion.

However, almost all researchers focused on the tractive performance of the grouser
shoes of tracked vehicles [23-26]. Additionally, the soil types were mainly paddy soil, clay
soil, and red soil that were distributed in the south. Therefore, there is a paucity of theory
and method to estimate the effect of structure parameters of the grouser shoes of tracked
vehicles on the adhesion performance under black soil in Northeast China. To address
the above problem, the theoretical analysis based on the Bekker’s sinkage model needs
to be built to explore the impact factors of structure parameters of the grouser shoes on
the adhesion force. Furthermore, the appropriate structure parameters (i.e., the grouser
height, the grouser thickness, and the grouser splayed angle) and the response indicators
of adhesion performance (i.e., the adhesion force and adhesive soil mass) also should be
optimized synchronously.

The objectives of this study were to: (a) evaluate the adhesion performance of the
grouser shoes with different structure parameters; (b) utilize the RSM to optimize the
structure parameters of the grouser shoes of tracked vehicles for minimum soil adhesion;
(c) establish the verification experiment in the soil bin to verify the performance of the
optimal structure parameters on soil adhesion reduction.
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2. Materials and Methods
2.1. Soil Sampling

The soil samples were collected from the Agricultural Experimental Base of Jilin
University (N43°56'45.99”, E125°14/52.44") in Changchun, Jilin province, Northeast China.
In order to simulate the real subsidence amount of tracked vehicles working in the field,
considering the previous crop of the test field was mainly wheat, the depth of the plow
layer was between 250 mm and 300 mm. Therefore, we selected the characterization of the
soil samples up to 300 mm from the surface for the adhesion test. The soil stress distribution
was uniform under the compaction of the crawler walking mechanism [27]. The black
soil physical properties of each sample are listed in Table 1. The test was repeated three
times on the same condition to obtain the precise results. The average hardness of the black
soil was 854 kPa, measured by a SC-900 soil hardness tester (Spectrum Technologies Inc.,
Aurora, IL, USA). The average bulk density of the black soil was a 1269 kg/m?3, measured
by a TJSD-750-1V soil bulk density determination detector. The results showed that the
bulk density was positively correlated with the hardness.

Table 1. Measured black soil physical properties.

Sample Depth Bulk Density Hardness Moisture Content
(mm) (kg-m~—3) (kPa) (%)
0-100 1130 42 2431
100-200 1352 972 21.28
200-300 1326 1165 19.87

The soil moisture content has an important effect on the adhesion force, and the
mechanical properties of soil samples vary greatly under different moisture contents. The
study mainly optimized different structure parameters of the grouser shoes for adhesion
reduction. In order to minimize the influence of other variables on the study, we performed
the experiments at only one soil moisture content. Additionally, we tested the plastic limit
and liquid limit of soil samples by using the LP-100D digital display soil liquid-plastic limit
combined tester (Kedalugiao Electric Equipment Co., Ltd., Cangzhou, China). The plastic
limit and the liquid limit of soil samples were 15.83% and 32.25%, respectively. The average
moisture content of each layer of soil samples was dried in a DZF-6050 thermostatic drying
oven (Rongshida Electric Equipment Co., Ltd., Kunshan, China) at 105 £ 5 °C for 6 h.

The soil moisture content for all the soil samples was in the range of 19.87-24.31%, and
the average moisture content was 21.82% (d.b.) (i.e., dry basis). The results showed that
the soil samples were higher than the plastic limit and lower than the liquid limit. Overall,
the average moisture content of all the soil samples were within the plastic state, which
had a strong adhesion to the grouser shoes of tracked vehicles. This critically restricted the
efficiency of the tracked vehicles during the operation.

2.2. Vertical Stress Analysis of the Grouser Shoes

When the vertical load was applied on the grouser shoes, the entire grouser shoes
sank in the black soil. The vertical stress analysis of grouser shoes is shown in Figure 1.
As is presented in Figure 1, the vertical forces of the grouser shoes were expressed by
Equation (1):
W=P(L—-d)+Pd (d=AL) 1)
where W is vertical load, L is the length of grouser shoe, d is grouser thickness. P; is the
contact stress of the top surface of the grouser, and P, is the stress at the bottom surface

of the grouser shoe. According to the Beeker’s sinkage formula [28,29], the stress was
expressed as follows:

P = (IZC +K¢> x Z" @)
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where k. is soil cohesive modulus, k, is soil frictional modulus, Z is sinkage depth, 7 is
sinkage exponent, & is the grouser height, and b is the width of grouser shoe. Apart from
the fixed value b, these parameters are only depended on the soil properties, and tested by
the penetration test.

Therefore, the vertical load equation could make the following Equation (4):

W= (% + Ko )bL{(h+2)"A+ (1-1)Z"}
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Figure 1. Vertical stress analysis of the grouser shoes. L is the length of grouser shoe, W is vertical
load, Z is sinkage depth, & is the grouser height, d is the grouser thickness. P; is the contact stress of
the top surface of the grouser, and P, is the stress at the bottom surface of the grouser shoe.

2.3. Experimental Equipment

In this experiment, the soil bin was 500 mm (length) x 350 mm (width) x 200 mm
(height) and filled with black soil. Electronic universal material testing machine was custom
developed and used for the adhesion force tests, which was multi-functional and had high
precision. The overall structure of the test platform is shown in Figure 2. The test platform
is composed of computer system, TMC digital measurement, and control system. The
ZLF-D 1093 spoke sensor (Zhenhai Electric Equipment Co., Ltd., Ningbo, China), which is
equipped with 500 N force range, has a precision class of 0.02% and the output sensitivity
range is 1.5-2mV/V.

@ (b)

Figure 2. Overall structure of the test platform. (a) A soil bin test; (b) structure of the grouser shoes. L is the length of grouser
shoe, b is the width of grouser shoe, & is the grouser height, d is the grouser thickness, and « is the grouser splayed angle.
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This paper mainly considered the static normal adhesion performance of the grouser
shoes. When the normal loading speed of the equipment was 5 mm/min, the relative
displacement of soil samples along the tangential direction of the contact surface of the
grouser shoes was less than 1 mm, and the effect of tractor traction forces on the adhesive
force between the belt and the ground may be ignored in this study.

During the test, when the cross beam started moving upward at a speed of 5 mm/min,
the pressure on the grouser shoes also started decreasing from the maximum until the
moment of separation of black soil and the grouser shoes. At that moment, the adhesion
force appeared and the test platform had to apply a force (P) more than the weight of the
grouser shoes (G) to separate the grouser shoes from the black soil. The difference between
the force applied by the test platform and the grouser shoes” weight divided by the contact
area of the grouser shoes (A) was defined as the adhesion force (F;). The methodology for
measuring the adhesion force was consistent with the related papers studied by Massah,
Ren, and Zhang et al. [8,14,30,31]. The adhesion force could be established by utilizing
Equation (5). Additionally, the adhesive soil mass to the grouser shoes was measured by
LQ-A 30002 electronic scales (Ante Weighing Electric Equipment Co., Ltd., Ruian, China),
and the level of accuracy was 1% (i.e., reading of 0.01).

E=2L= W_G

a A 3|dh cos a+d(b—2h cosa)]
_ (KetbKy ) L{ (h+2)"A+(1-1)Z" }—mg ®)
- 3d(b—hcos )

where m is the mass of the grouser shoes, g is the acceleration of gravity (¢ =9.8 kg/s), d is
the grouser thickness, /1 is the grouser height, « is the grouser splayed angle, and the other
variables are fixed values. Equation (5) showed that the adhesion force is mainly dependent
on the three structure parameters of the grouser shoes, such as the grouser height (%), the
grouser thickness (d), and the grouser splayed angle («). Thus, these parameters were
selected as the experimental factors to be optimized.

2.4. Experiment Scheme

In order to determine the optimal level interval of the factors, pre-experiments were
carried out. The results presented the reasonable range of the level value of the factors:
the grouser height was 20-30 mm, the grouser thickness was 5-7 mm, and the grouser
splayed angle was 35°-45°. The grouser height (), the grouser thickness (d), and the
grouser splayed angle («) were considered as the independent variables, the adhesion
force (F;) and adhesive soil mass (M,;) were determined as the response indicators. The
functional relationship between the independent variables and the response indicators
was established by the RSM, and a Box-Behnken Design (BBD) was adopted to optimize
structure parameters of the grouser shoes [32,33]. According to the BBD, it took five center
points per block and three levels of each factor and took rotatable alpha, which the factor
level encodes (—1, 0, 1). There was a total of 17 sets of coded conditions for the modeling
of the experiment results, and each group of tests was repeated at least 3 times to obtain
the real average value. The coded levels of the independent variables are shown in Table 2.
The experimental scheme and results are presented in Table 3.

Table 2. Coded levels of independent variables.

Coded Levels Grouser Height Grouser Thickness Grouser Sp})ayed
(mm) (mm) Angle (°)

1 30 7 45
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Table 3. The experimental scheme and results.
Factors Evaluation Indexes
Numbers Grouser Height Grouser Thickness Grouser Splayed Adhesion Force Adhesive Soil
(mm) (mm) Angle (°) (kPa) Mass (g)
1 1 0 1 1.48 23.55
2 1 1 0 1.54 23.62
3 -1 0 -1 0.97 24.18
4 -1 1 0 1.31 23.63
5 1 -1 0 1.47 23.41
6 -1 0 1 1.35 23.79
7 0 1 -1 1.15 24.12
8 0 1 1 1.60 23.65
9 -1 -1 0 1.02 24.18
10 0 -1 1 1.24 23.92
11 0 -1 -1 1.27 23.99
12 1 0 -1 1.42 23.51
13 0 0 0 1.27 23.71
14 0 0 0 1.09 23.74
15 0 0 0 1.18 23.78
16 0 0 0 115 23.75
17 0 0 0 1.14 23.73
2.5. Data Analysis
The data of the experiment were analyzed by using the analysis of variance (ANOVA)
and least-significant difference (LSD) at the significance levels of 0.01 and 0.05 in Origin
8.0 software [34,35]. The Design-Expert software was employed to generate response
surfaces and conduct multi-objective optimization. The quadratic polynomial equation of
the independent variables and the response indicators could be established by Equation (6):
p p )
Yi = ,B() + Z,BJZ] + 2 ﬁhthZ]' + Zﬁ]]Z] +¢€j=1,2,..N 6)
j=1 h<j j=1
where y; is the response indicators, z; is the independent variables, f is the fixed value, §;
is the first order term of coefficient, fy; is the interaction term coefficient, f;; is the second
order term of coefficient, ¢; is the error value.
3. Results and Discussion
3.1. ANOVA Analysis
ANOVA analysis and the determination coefficient are usually used to evaluate the
fitting quality of a model [36,37]. According to the experiment result of BBD, the results of
analysis of variance for the response indicators are presented in Table 4.
Table 4. Analysis of variance for the response indicators.
Adhesion Force (kPa) Adhesive Soil Mass (g)
Source
Sum of Degrees of Sum of Degrees of
Squares Freedom F-Value p Value Squares Freedom F-Value p-Value
Model 0.5150 9 19.24 0.0004 *** 0.8227 9 44.73 <0.0001 ***

h 0.1985 1 66.72 <0.0001 *** 0.3570 1 174.70 <0.0001 ***

d 0.0450 1 15.13 0.0060 ** 0.0288 1 14.09 0.0071 *

x 0.0925 1 31.08 0.0008 *** 0.0990 1 48.45 0.0002 ***
h-d 0.0121 1 4.07 0.0835 0.1444 1 70.66 <0.0001 ***
h-a 0.0256 1 8.61 0.0219 * 0.0462 1 22.62 0.0021 **
d-a 0.0576 1 19.37 0.0032 ** 0.0400 1 19.57 0.0031 **
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Table 4. Cont.
Adhesion Force (kPa) Adhesive Soil Mass (g)
Source
Sum of Degrees of Sum of Degrees of
Squares Freedom F-Value p Value Squares Freedom F-Value p-Value
W2 0.0266 1 8.95 0.0202 * 0.0398 1 19.49 0.0031 *
d? 0.0337 1 11.34 0.0120 * 0.0179 1 8.77 0.0211 *
a? 0.0149 1 5.01 0.0602 0.0535 1 26.19 0.0014 **
Residual 0.0208 7 0.0143 7
Lack of Fit 0.0031 3 0.2333 0.8692 0.0116 3 5.78 0.0615
Pure Error 0.0177 4 0.0027 4
Cor Total 0.5358 16 0.8370 16

F-value = Fischer’s variance ratio; p value = probability value. *** Extremely significant level (p < 0.001); ** Very Significant level (p < 0.01);

* Significant level (p < 0.05).

The p values of the two models were less than 0.001, indicating that the grouser
height, the grouser splayed angle, and the grouser thickness were all very significant. The
lack of fit was greater than 0.05, which was not significant. Hence, the model reflects the
experimental data more realistically, which could predict and analyze the influence of
various factors on the response indicators. Within the level range of the selected factors,
according to the F-value of each factor, the weight of the factors affecting the adhesion force
and the adhesive soil mass were both the grouser height > the grouser splayed angle > the
grouser thickness. Based on the orthogonal test results, eliminating non-significant factors
(p > 0.05), experimental data were analyzed and fitted with the quadratic polynomials that
were obtained using the regression model. Equation (7) showed the regression models of
the adhesion force, and Equation (8) represented adhesive soil mass regression response
surface models.

F, = 7.054 —5.763 x 10731 — 1.997d — 0.043x — 3.2 x 1073h % & + 0.024d  « + 3.305 x 10~3h? 4 0.093d> @)

M, = 38.382 — 0.248 1 — 0.993d — 0.371a + 0.038h * d +4.3 x 107 3h & — 0.02d * & — 3.89 x 103K +0.065d> +4.51 x 1073a?  (8)

To ensure the adaptability and accuracy of the model, it was necessary to evaluate
the predictive ability by analyzing the determination coefficient. The response model fit
summary output for indicators is illustrated in Table 5. The coefficients of determination
(R?) of the adhesion force and the adhesive soil mass were all larger than 0.95, suggesting
that more than 95% of variations in the indices could be explained by the models. More-
over, both of the models’ difference between predicted R? and adjusted R? less than 0.2
indicates that the response surfaces of the two models established had good consistency
and predictability for the experimental results [20]. The predicted vs. actual values for the
response indicators are shown in Figure 3. It could be seen from the scatter plot that the
actual values were basically distributed on the predicted curve, consistent with the trend of
the predicted values, and linearly distributed. The predicted precision of the models was
15.72 and 23.61, which was far larger than four, suggesting the models were precise [35].

Table 5. Fit statistics for the response indicators.

Response Indicators R? Adjusted R*?  Predicted R? Predicted
Precision
Adhesion force (kPa) 0.96 0.91 0.86 15.72

Adhesive soil mass (g) 0.98 0.96 0.77 23.61
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Figure 3. Predicted vs. actual values of the response indicators. (a) Predicted vs. actual values of adhesion force;

(b) predicted vs. actual values of adhesive soil mass.

Adhesion force (kPa)

3.2. Analysis of Interactive Factors

According to the established quadratic Equations (7) and (8), a 3D response surface
diagram was drawn to assess the interactive effects of the variables on the adhesion force
and the adhesive soil mass. The interactive impact of two factors on the response indicators
were analyzed by maintaining one factor as constant. The 3D response surface diagram of
pairwise interaction of the grouser height, the grouser thickness, and the grouser splayed
angle on adhesion force is shown in Figure 4. The 3D response surface diagram of pairwise
interaction of the grouser height, the grouser thickness, and the grouser splayed angle on
adhesive soil mass is shown in Figure 5.

Adhesion force (kPa)

Figure 4. 3D response surface diagram of pairwise interaction of the grouser height, grouser thickness, and grouser splayed

angle on adhesion force. (a) Interaction of grouser height and grouser splayed angle; (b) interaction of grouser thickness

and grouser splayed angle.
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Adhesive soil mass (g)

Adhesive soil mass (g)

Adbhesive soil mass (g)

Figure 5. 3D response surface diagram of pairwise interaction of the grouser height, grouser thickness, and grouser splayed
angle on adhesive soil mass. (a) Interaction of grouse height and grouser thickness; (b) interaction of grouser height and
grouser splayed angle; (c) interaction of grouser thickness and grouser splayed angle.

3.2.1. Analysis of Interactive Factors on Adhesion Force

From the results of Table 4, the p-value of the grouser height and grouser thickness
was 0.0835, which did not reach a significant level (p < 0.05). Therefore, the analysis of
interaction of grouser height and grouser thickness on adhesion force does not need to be
discussed. It could be seen from Figure 4a,b that when the one factor was fixed, another
two factors were considered as interactive factors on adhesion force and the adhesion force
exhibited an increasing trend, which ranged from 0.97 kPa to 1.6 kPa. Figure 4a showed
that when the grouser thickness was maintained at 6 mm, the grouser splayed angle was
fixed and the adhesion force increased with the growth of the grouser height. The grouser
splayed angle was 35°; when the grouser height increased from 20 mm to 30 mm, the
adhesion force increased from 0.97 kPa to 1.42 kPa, which was an increase of 46.39%. The
grouser splayed angle was 45°; when the grouser height increased from 20 mm to 30 mm,
the adhesion force increased from 1.35 kPa to 1.48 kPa, which was an increase of 9.63%. The
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results showed that the grouser splayed angle and the grouser height had an interactive
effect on soil adhesion force, and the effect of the grouser splayed angle on soil adhesion
force exceeded that of the grouser height. Figure 4b showed that when the grouser height
was maintained at 25 mm, the grouser splayed angle was fixed and the adhesion force
decreased with the growth of the grouser thickness. The grouser splayed angle was 35°;
when the grouser thickness increased from 5 mm to 7 mm, the adhesion force decreased
from 1.27 kPa to 1.15 kPa, which decreased by 9.45%. The grouser splayed angle was
45°; when the grouser height thickness increased from 5 mm to 7 mm, the adhesion force
increased from 1.24 kPa to 1.6 kPPa, which was an increase of 29.03%. The results showed
that the grouser splayed angle and the grouser thickness had an interactive effect on soil
adhesion force, and the effect of grouser splayed angle on soil adhesion force exceeded
that of the grouser thickness. In summary, the interactive impact of combined factors on
adhesion force was ranked as da > ha.

3.2.2. Analysis of Interactive Factors on Adhesive Soil Mass

As was presented in Figure 5a—c, when one factor was fixed, another two factors
were considered as interactive factors on adhesive soil mass. Figure 5a,b showed that the
adhesive soil mass appeared to be a declining trend, which ranged from 24.18 g to 23.41 g,
and Figure 5c showed that adhesive soil mass initially appeared as a declining trend and
subsequently an increasing trend. Figure 5a showed that when the grouser splayed angle
was maintained at 40°, the adhesive soil mass declined slowly with increases in the grouser
height and the grouser thickness. The maximum adhesive soil mass was obtained when
the grouser height was 20 mm and the grouser thickness was 5 mm. When the grouser
height was 30 mm and the grouser thickness was 5 mm, the adhesive soil mass reached
the minimum. The grouser thickness and the grouser height had an interactive effect on
adhesive soil mass, and the effect of the grouser height on adhesive soil mass exceeded
that of the grouser thickness. Figure 5b showed that when the grouser thickness was
maintained at 6 mm, the adhesive soil mass declined with increases in the grouser height
and the grouser splayed angle. The maximum adhesive soil mass was obtained when
the grouser height was 20 mm and the grouser splayed angle was 35°. When the grouser
height was 30 mm and the grouser splayed angle was 35°, the adhesive soil mass reached
the minimum. The grouser height and the grouser splayed angle had an interactive effect
on adhesive soil mass, and the effect of grouser height on adhesive soil mass exceeded
that of the grouser splayed angle. Figure 5c showed that when the grouser height was
maintained at 25 mm, the adhesive soil mass initially declined and subsequently increased
with increases in the grouser height and the grouser splayed angle. The maximum adhesive
soil mass was obtained when the grouser thickness was 7 mm and the grouser splayed
angle was 35°. When the grouser thickness was 5 mm and the grouser splayed angle was
35°, the adhesive soil mass reached the minimum. The grouser thickness and the grouser
splayed angle had an interactive effect on adhesive soil mass, and the effect of the grouser
splayed angle on adhesive soil mass exceeded that of the grouser thickness. In a word, the
interactive impact of combined factors on adhesive mass was ranked as hd > ha > da.

3.3. Multi-Objective Optimization Model

We used the multi-objective optimization method of the Design-Expert 12.0 software
(Stat-Ease Inc., Minneapolis, MN, USA) to predict the optimal parameters combination,
the minimum value for the adhesion force, and the adhesive soil mass in this study. The
grouser height (%), the grouser thickness (d), and the grouser splayed angle («) were selected
as parameters to be optimized. The constraint condition of the multi-objective optimization

model was as followed:
20mm < h < 30 mm

5mm <d <7mm )
35 <a <45
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Under the constraints given in Equation (9), the Design-Expert 12.0 software (Min-
neapolis, MN, USA) presented the optimal parameters combination when the grouser
height was 20 mm, grouser thickness was 6.34 mm, and grouser splayed angle was 40.45°.
The predicted value for the adhesion force and the adhesive soil mass were 1.16 kPa and
23.76 g, respectively.

3.4. Verification Experiment

Although the results from the ANOVA analysis indicated that the established math-
ematical models had a good accuracy of predicting the adhesion force and the adhesive
soil mass in this study, the verification experiment was still needed to verify the model
performance. Each experiment was repeated at least three times to obtain the average data.
The results of the verification experiment are presented in Table 6. The average data of the
measured adhesion force reached 1.11 kPa, and adhesive soil mass reached 22.68 g. The
relative error of the predicted values and measured values was less than 5%, proving the
reliability of the regression models. Compared with the average value of the un-optimized
experiment results in Table 3, the adhesion force and adhesive soil mass reduced by 12.84%
and 4.63%, respectively. The results showed that the mathematical models were reliable,
and the optimized structure parameters of the grouser shoes by the RSM could reduce
soil adhesion.

Table 6. Results of the verification experiment.

Indicators Adhesion Force (kPa) Adhesive Soil Mass (g)
Predicted value 1.16 23.76
Measured value 1.11 22.68

Relative error value 0.045 0.0476

4. Conclusions

Theoretical analysis was carried out to explore the impact factors of structure param-
eters of the grouser shoes on the adhesion performance. The structure parameters were
optimized by the RSM. The optimal parameter combination occurred when the grouser
height was 20 mm, grouser thickness was 6.34 mm, and grouser splayed angle was 40.45°.
The average data of verification experiments occurred when the adhesion force reached
1.11 kPa and adhesive soil mass reached 22.68 g. Compared with the average value of
un-optimized experiment results, the adhesion force and adhesive soil mass reduced by
12.84% and 4.63, respectively. The relative error of the predicted values and measured
values was less than 5%, proving the reliability of the regression models. This study can
provide a reference method for parameters optimization, and a new structure of the grouser
shoes of tracked vehicles will be designed to reduce adhesion.

Even though the established mathematical model has a good accuracy in predicting
structure parameters of the grouser shoes on the adhesion force and adhesive soil mass in
this study, it is worth noting that there are some limitations. Firstly, the optimal structure
parameters combination may reduce the adhesion but may also affect the traction, and the
effect of traction on the adhesive force between the belt and the ground were not analyzed.
Secondly, there are many parameters that could cause adhesion to vary, including not
only the structure parameters, but other parameters (e.g., materials, geometry, or surface
porosity). In this study, we mainly analyzed the effect of structure parameters of the
grouser shoes on the adhesion, and the other parameters were not explored. Thirdly, the
adhesion-related parameters (i.e., soil cohesive and friction modulus, soil cohesion, or
internal friction angle) under different soil moisture content were not studied.

Therefore, further study needs to be carried out to address the limitations. We propose
to establish a multi-objective evaluation system based on adhesion and traction, and the
effect of traction on the adhesive force between the belt and the ground also need to be
analyzed. The impact of other parameters (e.g., materials, geometry, or surface porosity) on
the soil adhesion should be explored and compared with the structure parameters of the
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grouser shoes. Additionally, the adhesion-related parameters under different soil moisture
contents by penetration test will be carried out in a following study.
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