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Abstract: The construction of a scientific and effective soil pressure-sinkage model under sloped
terrain condition has important guiding significance for the investigation of the soil compaction
effect. It is also important for the theoretical calculation of driving resistance and design optimiza-
tion of the undercarriage structure of hillside metal-tracked tractors (HMTs). The classic Bekker’s
pressure-sinkage model does not consider the influence of the soil water content, bulk density,
slope angle, and other factors; therefore, it cannot be directly used to investigate the relationship
between the soil compaction and its sinkage under sloped terrain conditions. To solve this prob-
lem, this study first verified that the soil water content and bulk density exert significant effects on
the pressure-sinkage relationship under flat terrain condition. Secondly, a pressure-sinkage test
was carried out using the quadratic rotation orthogonal combination design method, and the soil
water content, density, and slope angle were considered. The pressure-sinkage curves of sloped
terrain soils from Yangling and Yangxian in Shaanxi Province, and Huining and Jingning in Gansu
Province were obtained. Then the pressure-sinkage parameters (sinkage exponent, cohesive
modulus, and frictional modulus) were calculated using the weighted least-squares method.
Thirdly, the mathematical relationship between the parameters and the soil water content, bulk
density, and slope angle was obtained. Then Bekker’s model was modified to obtain the pressure—
sinkage model of sloped terrain. Finally, the control variable method under slope angle of 10°, soil
water content of 10%, and bulk density of 2 mg-m= were used to validate the model. The results
revealed that the root-mean-square error between the calculated pressure value of the model and
the measured value of the film pressure sensor was 1.614, 1.601, and 0.822, respectively. In the
dynamic operation of a hillside tractor prototype, the calculated pressures between the supporting
wheels were close to the measured values. It indicates that the modified soil pressure-sinkage
model is more suitable for calculating the force at the bottom of the track between the supporting
wheels. It can also provide an important theoretical basis for accurately calculating the pressure—
sinkage parameters of sloped terrain soil. Additionally, this approach could provide theoretical
and technical support for the rational arrangement of HMT undercarriages to reduce the soil
sinkage and driving resistance.

Keywords: sloped terrain; hillside metal-tracked tractor; pressure-sinkage model; soil sinkage;
driving resistance
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1. Introduction

In China, in addition to Northeast China, North China and Xinjiang, there are large
areas of arable farmland that are suitable for large-scale agricultural machinery. There are
also mountainous areas distributed in Northwest, Southwest and Southeast China, and
these areas account for approximately 70% of the total land area [1]. When hillside met-
al-tracked tractors (HMTs) run horizontally along the contour line or climb vertically in
these areas, the driving resistance is an important factor affecting the HMT stability,
steering ability, and other mechanical properties [2]. Under the influence of the slope of
hillside terrain, the pressure center of the HMT on the ground is offset [3] when the HMT
runs along the contour line or climbs longitudinally. Thus, the pressure under the track
on the lower side of the HMT increases (Figure 1), and the sinkage also increases as a
result.
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Figure 1. Sketch diagram of pressure center change of HMT. (a) Running along contour line; (b) Climbing longitudinally.

Since the 1950s, various countries have investigated rut depth of tractors on soft
ground, and it is believed that the driving resistance is related to the rut caused by
pressure [4-7]. Various models of the soil pressure-sinkage relationship have been pro-
posed, and the most widely used model is Bekker’s soil pressure-sinkage model, which
was established in the 1960s [8]. This model describes the mechanical properties of soil in
the pressure direction based on the relationship between the soil load and sinkage in civil
engineering. However, it does not consider the influence of the soil water content, bulk
density, and other soil conditions on the soil’s sinkage characteristics, and it is only an
empirical equation obtained by plate penetration testing [9].

To more accurately describe the relationship between the soil pressure and sinkage,
Yang et al. improved Bekker’s model by considering the soil water content to make the
model more applicable to the actual soil environment [10]. Additionally, various studies
investigated the process of soil sinkage by considering the bulk density, and constructed
novel soil pressure-sinkage models [11-14]. Although these results make the models
more suitable to the actual soil environment, the models only considered the influence of
the soil water content or bulk density. In 2010, Yao et al. investigated the influence of the
soil water content and bulk density, respectively, on the changing trend of the pressure—
sinkage relationship curve [15], but the change of the sinkage parameters (sinkage ex-
ponent, cohesive modulus, and frictional modulus) under the coupling condition of soil
water content and density were not extensively investigated.

Although the abovementioned studies have certain practical significance with re-
gard to the prediction of soil sinkage and the calculation of driving resistance, they are all
based on metal-tracked tractors (or metal-tracked vehicles) travelling on flat ground. The
comprehensive influence of factors such as the soil water content, bulk density, and slope
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angle on the soil sinkage process were not considered. Therefore, these studies could not
accurately calculate the sinkage parameters of hillside environments in China and the
driving resistance of HMT. They cannot provide a theoretical reference for the structural
arrangement of HMT undercarriages and driving resistance reduction under sloped ter-
rain conditions either.

In this study, the significant effects of the soil water content and density on the soil
sinkage process were first verified. Secondly, the classic plate penetration test was carried
out under different soil water contents, soil densities, and slope angles with four types of
slope soil (obtained from Yangling and Yangxian in Shaanxi Province, and from Huining
and Jingning in Gansu Province). Then, the sinkage exponent, cohesive modulus and
frictional modulus of the soil samples were calculated to change Bekker’s model into a
novel sloped terrain model. Finally, the effectiveness of the modified model was verified
by carrying out a static pressure test with a model track shoe, and a dynamic test with an
HMT prototype. The findings of this study are expected to provide a model basis for the
accurate acquisition of the soil sinkage parameters on hillside terrain. They will also
provide a theoretical reference for the structural arrangement of HMT undercarriages
and driving resistance reduction under sloped terrain conditions.

2. Materials and Methods
2.1. Bekker’s Pressure-Sinkage Theory

Under flat terrain conditions, the soil sinkage caused by the track shoe is related to
the pressure-bearing characteristics of the soil [16]. The soil sinkage process is equivalent
to that caused by a circular plate in the same environment, and the radius of the circular
plate is equal to the width of the track shoe [8]. This principle is shown in Figure 2. In the
figure, z is the soil sinkage, b is the width of the track shoe, r is the radius of the equiva-
lent circular plate, P is the external force borne by the track shoe (circular plate), and p is
the force borne by the unit area of the soil under the track shoe (circular plate), that is, the
ground pressure.

Figure 2. Schematic diagram of soil pressure-sinkage.

According to Bekker’s study on the soil pressure-sinkage characteristics, the rela-
tionship between the ground pressure and the sinkage is expressed as follows:

k
p:[b‘ntkwjz” (1)
where k: is the cohesive modulus (kN/mn*1); ke is the friction modulus (kN/mn2); 1 is the
sinkage exponent.

From a theoretical viewpoint, it appears that there exists a linear relationship be-
tween the ground pressure and soil sinkage in the logarithmic coordinate system. Hence,
the plate penetration test can be carried out with two circular plates with different radii.
According to the test results, the soil sinkage parameters can be calculated using the least
squares method in the logarithmic coordinate system [17].

For a specific HMT, the ground pressure is determined by the structural arrange-
ment of the undercarriages and the HMT’s centroid position. When the soil’s sinkage
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parameters are known, the sinkage of the track shoe in the soil can be predicted using
Equation (1) [18], and the driving resistance of the HMT can then be calculated according
to the law of energy conservation [9,19].

2.2. Influence of Soil Water Content and Density on Pressure-Sinkage Characteristics
2.2.1. Soil Samples and Soil Type Determination

The four soil sample types used in this study were obtained from Yangling in
Shaanxi Province (the sloping field test site in Northwest A&F University), Yangxian in
Shaanxi Province (Qinba Mountain Area), and Huining and Jingning in Gansu Province
(Loess Plateau Mountain Area), respectively. The air-dried states of the samples are
shown in Figure 3.

(b) () (d)
Figure 3. Soil samples in air-dried state. (a) Yangling, Shaanxi; (b) Yangxian, Shaanxi; (¢) Huining, Gansu; (d) Jingning, Gansu.

The four abovementioned soil samples were numbered, and the MasterSizer 2000
laser particle analyzer (Malvern Panalytical Company, Cambridge, UK) was used to de-
tect the particle size distribution. According to the international soil classification stand-
ards, soil samples can be classified according to their grain diameter [20]. The test and
classification results are presented in Table 1.

Table 1. Parameters of particle size distribution and classification of soil samples.

Content Percentage of Soil Particle Size (%)

Place of Sampling Sample No. Clay Silt Sand Texture Grading
(d < 0.002) (d =0.002-0.02) (d =0.02-2)
Yangling, Shaanxi 1 31.82 35.58 32.60 Loamy clay
Yangxian, Shaanxi 2 38.49 33.67 27.84 Loamy clay
Huining, Gansu 3 23.11 30.78 46.11 Clay Loam
Jingning, Gansu 4 24.50 28.75 46.75 Clay loam

Note: d represents the soil particle diameter for all sizes (unit: mm).

Under different soil water contents, soil densities, grain compositions, and other
conditions, the soil characteristics may greatly vary, and the water content exerts the
most significant influence [5]. According to relevant data, a 3% change in the soil water
content can cause great changes in the soil characteristics [21]. However, when HMTs
travel on farming terrain, the sinkage of the track is often affected by the soil’'s compact-
ness, which mainly depends on the soil water content and bulk density [22]. Therefore,
the influence of the soil water content and bulk density on the pressure-sinkage charac-
teristics was first verified under flat ground conditions.

2.2.2. Influence of Soil Water Content and Bulk Density on Pressure-Sinkage Curve
e Soil water content and bulk density test

Let us consider soil sample No. 1 from Yangling, Shaanxi Province, as an example.
The sample was collected at the depth range of 0-30 cm, the density was calculated, and
the soil water content of the sample was measured. The results are presented in Table 2.
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Table 2. Soil water content and bulk density.

Depth of Sampling Sample No. Average Soil Water Average D_ensity
(cm) Content (%) (mg-m-)
0-10 5 5.6 1.84
10-20 5 7.1 2.26
20-30 5 7.9 1.98

As presented in Table 2, the mean values of the soil water content and bulk density
at the depth of 0-30 cm were 6.9% and 2.03 mg-m=3, respectively. Therefore, a soil water
content of 5%, 7%, and 9%, and bulk density of 1.5, 2.0, and 2.5 mg-m™, were set to pre-
pare the soil samples for plate penetration testing.

According to Chinese standard GB/T 50123-2019, the soil sample was placed at a
ventilated spot for drying until it could be crushed. Then, the sample was filtered using a
5 mm bore diameter sieve to remove impurities. Finally, the sample was milled and
thoroughly stirred, and the air-dried soil water content was determined.

Sufficient amounts of soil with soil water content of 5%, 7%, and 9% were prepared,
respectively. The amounts of water required for the preparation were calculated as fol-
lows:

m[]
m, =———x0.01(w, —w,

Y 1+0.01w, (10, ) @
where mw is the mass of the water required for the preparation (kg); mo is the mass of the
air-dried soil (kg); wo is the soil water content of the air-dried soil (%); w1 is the required
soil water content of the sample (%).

e  Plate penetration test under flat terrain conditions

Before the test, the soil was compacted to the target bulk density. According to the
classic plate penetration test method [8], a circular plate with radius of 80 mm was used
in this test to compact the soil. The equipment used in the test is listed in Table 3. The test
principle and system composition are shown in Figure 4a,b, respectively.

Table 3. Pressure—sinkage test equipment under sloped conditions.

Type Name Specification
DDL10 testing machine Range <10 kN

Pressurized equipment

and devices No. 1 circular plate Radius of 80 mm
No. 2 circular plate Radius of 100 mm
Soil tank Length x width x height = 650 x 400 x
400 mm
Angle measuring device Inclinometer
Soil preparation tools Shovel, scrape board
Soil water content meas- Soil moisture meter TZ5-2X-G

uring equipment

The plate penetration test was carried out under flat terrain conditions, and the re-
lationship between the pressure and the soil sinkage is shown in Figure 5. As can be seen,
with different soil water contents or densities, different curves were obtained. Under a
bulk density of 2 mg-m=, as the soil water content increased from 5% to 7% and 9%, the
pressure increased 2.99 times and 7.89 times, respectively, when the soil sinkage was 35
mm. Under a soil water content of 7%, as the density increased from 1.5 mg-m= to 2.0
mg-m- and 2.5 mg-m-3, the pressure increased by 1.46 times and 3.65 times, respectively,
when the soil sinkage was 35 mm. Therefore, it is concluded that the soil water content
and density exert a certain influence on the sinkage process of the track shoe. Therefore,
when investigating the vertical load-deformation relationship of soil under sloped terrain
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conditions, the slope angle should be considered as an important index affecting the soil
sinkage, but the influence of the soil water content and bulk density on the test results
should also be fully considered.

1

\\/il

(a) (b)

Figure 4. Principle and system composition of pressure-sinkage test. (a) Schematic diagram of test
principle; (b) System composition; 1. Testing machine; 2. Pressure sensor; 3. Soil; 4. Circular plate;
5. Soil tank; 6. Upper computer.
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Figure 5. Pressure-sinkage curves of soil under different soil water contents and densities. (a) Influence of soil water
content on curve when bulk density is 2 mg-m; (b) Influence of bulk density on curve when soil water content is 7%.

2.3. Modification of Bekker’s Model under Sloped Terrain Conditions
2.3.1. Test Scheme and Principle

In Bekker’s model, the sinkage parameters can be calculated from the pressure—
sinkage curve. Therefore, the soil water content, bulk density, and slope angle were se-
lected as the test factors, and the quadratic rotation orthogonal combination test was
carried out to obtain the sinkage parameters of the four soil types.

Because the plastic limit of agricultural soil does not typically exceed 16% [23], 4%
and 16% were considered as the lower and upper limits of the soil water content, respec-
tively. According to the abovementioned bulk density measurement results, the bulk
density at the depth range of 0-30 cm is 1.84 mg-m= at minimum and 2.26 mg-m™ at
maximum. Therefore, 1.5 mg-m= and 2.5 mg-m= were considered as the lower and upper
limits of the bulk density. Because a farmland slope greater than 20° will cause severe soil
erosion [24], 0°-20° was considered as the range of the slope angle in this study. The
horizontal encoding of each factor is listed in Table 4.
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Table 4. Factors and levels of test.

Factors

Encoding  Soil Water Content X1  Bulk Density X» Slope Angle Xs
(%) (mg-m-3) )
-1.682 4.0 15 0
-1 6.4 1.7 4
0 10.0 2.0 10
1 13.6 23 16
1.682 16.0 2.5 20

The plate penetration test under flat terrain conditions was considered in the test,
and plates were used to simulate the track shoe of the HMT. Figure 6a shows the forces
exerted when the plates were initially pressed into the soil under sloped terrain condi-
tions. In the figure, z is the soil sinkage, and p» is the reactive pressure in the direction
perpendicular to the plate. As shown in Figure 6b, the slope angle was measured with an
inclinometer before the test, and circular plates with a radius of 80 mm and 100 mm were
subsequently applied to press the soil sample at constant speed. The condition of the soil
before and after pressing is shown in Figure 6c,d, respectively.

@) (b) (0) (d)

Figure 6. Test of improved Bekker’s pressure-sinkage model under sloped terrain conditions. (a)
Test principle; (b) Slope Angle measurement; (c) Before applying pressure; (d) After applying
pressure.

2.3.2. Calculation of Soil Sinkage Parameters

Let us consider the No. 1 Yangling soil sample as an example. The effective pres-
sure—sinkage relationship curve collected under the actual soil water content of 4.0%,
slope angle of 0°, and density of 1.5 mg-m= is shown in Figure 7.

The force data were converted into the pressure, and the sinkage parameters were
calculated using the least squares method [25], as follows:

dw Y wnpInz,-> wInp > w Inz,
n,=
dw Y w, (Inzi)2 -(Xw, Inzi)2
Inp, - Inz,
K, =k /b+k, :expz‘wr np—nyw, Inz
xw,

where 1 is the sinkage exponent obtained by calculating the No. m effective curve; Ki is
the equivalent modulus of deformation obtained by calculating the No. m effective curve
(kN/m=2); wr is the weight factor (because each test was independent and without repe-

tition, so the weight is equal to one); pi is the pressure obtained in each test (kPa); zi is the
sinkage obtained for each sample (m).

(©)
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Figure 7. Pressure-sinkage curves of soil.

The sinkage exponent n and equivalent deformation modulus K can be obtained as
follows:

. ZLK (4)

The cohesive modulus k: and the frictional modulus k, can be obtained as follows:

K_ -K
k = b=b, b=b, b1bz
b,-b, )
_ ble:b] _bZKh:hZ
! bl - bz

where, K1 and K2 are the equivalent modulus of the soil deformation measured by
two circular plates, respectively (kN/m™?); b1 and b2 denote the radii of the two circular
plates, respectively (m).

The sinkage parameters corresponding to different test numbers are listed in Table
5.

Table 5. Results of soil sinkage parameter calculation.

Test No. Soil Water Content X1 Bulk Density X> Slope Angle X5 Sinkage Exponent Y Cohesive Modulus Y2 Friction Modulus Ys
1 -1 -1 -1 1.3748 324 9406
2 1 -1 -1 1.4824 382 12,084
3 -1 1 -1 1.5059 468 9573
4 1 1 -1 1.6628 528 12,658
5 -1 -1 1 1.8626 673 5528
6 1 -1 1 1.8359 752 9016
7 -1 1 1 1.8191 780 6023
8 1 1 1 1.7628 816 12,420
9 -1.682 0 0 1.5703 228 6429

10 1.682 0 0 1.6425 318 13,029
11 0 -1.682 0 1.6686 809 9560

12 0 1.682 0 1.7028 998 10,516
13 0 0 -1.682 1.4064 436 11,806
14 0 0 1.682 1.9217 984 6487

15 0 0 0 1.7259 1298 10,131
16 0 0 1.7262 1305 10,052
17 0 0 0 1.7301 1310 10,198
18 0 0 0 1.7108 129 9972

19 0 0 0 1.6991 1308 11,007
20 0 0 0 1.6311 1311 10,155
21 0 0 0 1.6925 129 10,239
22 0 0 0 1.7096 1303 9980

23 0 0 0 1.7305 1295 10,054
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Multiple regression fitting was carried out on the data presented in Table 6 using the
Design-Expert 8.0.6 software, and the regression equations of the sinkage exponent Yi,
cohesive modulus Y2, and frictional modulus Ys were obtained. The analysis of variance
is presented in Table 6.

Table 6. Analysis of variance.

Sinkage Exponent Cohesive Modulus Friction Modulus
Variance Quadratic Degree of F Quadratic Degree of F Quadratic Degree of
Sum Freedom P Sum Freedom P Sum Freedom P
Model 0.400 9 5730  <0.01***  3.50 x 100 9 7945.82  <0.01*** 9.11 x 107 9 63.66  <0.01***
X1 6.72 x 103 1 8.71 0.0112**  10817.55 1 22117  <0.01**  5.23 x 107 1 329.53  <0.01 ***
X2 4.6 %107 1 6.05 0.0287 **  44418.80 1 908.14  <0.01***  2.85x10°¢ 1 17.98  <0.01 ***
X3 0.330 1 427.06  <0.01**  3.68 x 105 1 7515.79  <0.01***  2.84 x 107 1 178.38  <0.01 ***
Xix2 4.85x 105 1 0.063 0.8059 210.13 1 4.30 0.0586*  1.37 x10¢ 1 8.65 0.0115 **
X1X3 0.015 1 19.57  <0.01 *** 1.13 1 0.023 0.8818 2.12 x 100 1 1336 <0.01 ***
X2X3 0.023 1 29.70  <0.01 *** 1770.13 1 36.19 <0.01 ***  1.25 x 106 1 7.84 0.015 **
X12 0.017 1 2145 <0.01**  2.10x10°¢ 1 42916.14 <0.01 ***  4.55 x 10° 1 2.86 0.1145
X22 2.85x 10+ 1 0.37 0.5536 3.14 x 105 1 6417.35 <0.01**  57162.63 1 0.36 0.5591
X32 2.25x103 1 291 0.1117 3.94 x 105 1 14185.06 <0.01***  2.24 x 106 1 14.07  <0.01 ***
Residual 5 o 13 635.85 13 207x106 13
error
Lack of fit 2.17 x 1073 5 0.44 0.8086 309.63 5 1.52 0.2851 1.26 x 106 5 2.52 0.1181
Error 7.86 x 103 8 326.22 8 8.03 x 105 8
Sum 0.410 22 22 9.31 x 107 22

Significance level at * p <0.1; ** p < 0.05; ** p < 0.01.

As can be seen, the overall model of the test is extremely significant, whereas the
result obtained by the lack of fit test is not significant. This indicates that the test is
effective. According to the P value of each factor, the non-significant factors were
eliminated to obtain the regression equation of each index.

Equation (6) reflects the functional relationship between the sinkage parameters of
Yangling loamy clay and the soil water content, bulk density, and slope angle. Similarly,
the regression equation of the sinkage parameters of soil samples No. 2—4 can be obtained
as expressed by Equations (7)—(9).

Y, = n(w, p,a) = 0.015 +0.073w +0.533 p + 0.114a — 0.002wa — 0.03 pex — 0.003w*
Y, =k.(w, p,a) = —9510.021 + 588.86w + 6684.854 p +162.8050 — 4.832wp

—8.415pa —28.557w” —1590.14 p> —5.91a> (6)
Y, =k,(w, p,a) =13660.843 —209.581w — 1887.838 p —719.616c

+390.794wp +24.289wa +223.304 pa —10.612a>

Y, = n(w, p, @) = 0.176 +0.06 1w +0.336 p + 0.109¢ — 0.002wa —0.029 pa —0.0022”
Y, =k.(w, p, ) = ~10041.498 + 580.335w + 7167.464 p + 166.553c —12.728wp

—10.041par —27.575w* —1686.825p> — 6.072a 7)
Y, =k,(w, p,a) =16232.556 —142.722w - 5773.781 p—831.203

+273.415wp +18.408wa + 289.065 pax —8.353a

Y, =n(w, p,a) = 0.490 +0.083c — 0.002we - 0.024 per —0.002w*
Y, =k.(w, p,a) =—8827.736 +580.699w + 6479.259 p +140.080cr

—28.207w* —1539.777 p* — 4.784a” (8)
Y, =k,(w, p,ar) =13043.375+355.806w + 356.097 p ~ 794.321a

+28.414wa + 244518 pa — 31.434w” —11.141¢”
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Y, =n(w, p,a) =0.421+0.08c - 0.002wa —0.023 poxr - 0.003w*
Y, =k (w, p, ) =-9178.975+606.066w + 6815.484 p +149.641cx

—28.954w" —1607.348 p* —4.978c* )
Y, =k, (w, p,a) =19563.312 + 244.659w — 2754.647 p — 1142.649

+26.452wa +403.687 pa —28.751w* —10.131a”

From the above equations, it can be seen that the regression equations of the sinkage
parameters of loamy clay (Soils No. 1 and 2) and clay loam (Soils No. 3 and 4) have dif-
ferent terms. The regression equations of the same soil type have the same terms, and the
coefficients are similar. Therefore, we can determine whether different soils belong to the
same area by comparing the terms and coefficients of the regression equation of the soil
sinkage parameters.

By substituting Equations (6)—(9) into Bekker’s model, the sinkage model of sloped
terrain can be obtained as follows:

Y k 7 7 n(w, o
p:(erYajZYI :[W.ﬂ%(w,p,a)}z (w,p,) (10)

3. Results and Discussion

In this study, the effectiveness of the abovementioned model (Equation (10)) was
verified using a track shoe model under the static conditions and a prototype HMT under
dynamic conditions.

3.1. Static Test of Track Shoe Model

The measured values of the thin-film pressure sensor were obtained under soil wa-
ter contents of 10%, bulk density of 2 mg-m=, and slope angle of 10°, respectively. Then,
the obtained values were compared to the values calculated using Equation (10) to verify
the effectiveness of the modified model under static conditions.

3.1.1. Sensor Calibration

Before the effectiveness verification of the modified model, the IMS-C20A thin-film
pressure sensor (Figure 8) was calibrated, and the relationship between the sensor pres-
sure and the voltage was established.

Different block masses were used to apply continuous vertical loads to the sensor,
and a voltage-resistance conversion module was used to convert the resistance into
voltage. The data were read and recorded by a dynamic signal analyzer (Figure 9).

Figure 8. IMS-C20A thin-film pressure sensor.
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Figure 9. CoCo-90 dynamic signal analyzer.

Calibration was carried out for 10 groups to obtain the average values, which are
presented in Table 7.

Table 7. System output voltage under different loads (unit: V).

No. Vertical Load/kg
0.761 1.533 2.045 3.045 3.806 4.578
1 3.926 3.102 2.715 2.210 1.962 1.789
2 3.728 3.025 2.642 2.259 1.926 1.718
3 3.696 3.067 2.583 2.108 1.980 1.733
4 3.936 3.150 2.722 2.236 2.011 1.847
Output voltage 5 4.039 3.100 2.738 2.304 2.056 1.894
6 3.986 3.152 2.684 2.209 1.989 1.793
7 3.864 3.087 2.748 2.211 2.027 1.881
8 3.921 3.137 2.868 2.214 2.033 1.834
9 4.024 2.983 2.726 2.307 2.065 1.799
10 3.904 3.163 2.798 2.375 2.063 1.895
Mean value 3.902 3.097 2.722 2.243 2.011 1.818
Standard deviation 0.108 0.056 0.074 0.069 0.044 0.060

The vertical load can be converted into sensor pressure by calculation, and fitting
was carried out using the Origin 8.6 software. The result is expressed by Equation (11).
-u

p. =751.87¢'9% —4.256 (11)

The determination coefficient of Equation (11) is 0.998, which indicates that the
sensor pressure has a good exponential relationship with the system’s voltage, as shown
in Figure 10. Hence, Equation (11) can be used to verify the effectiveness of the modified
model.

3.1.2. Verification Test of Track Shoe Model

The test process is shown in Figure 11.

Before the test, four thin-film pressure sensors were attached to the back of the track
shoe model (Figure 12), and the track shoe model was placed in the soil tank. According
to the testing process, intermediate-level values (soil water content of 10%, bulk density
of 2 mg-m=, and slope angle of 10°) were selected to carry out the verification test, and
twenty pressure groups were measured under each condition. The principle of the veri-
fication test is shown in Figure 13; the status of the track shoe model placed in the soil
tank is shown in Figure 14.
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Figure 13. Schematic diagram of validation test principle.
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Track shoe model  Thin film pressure sensor

Test bench
Soil tank

Figure 14. Status of the track shoe model.

Weights with a mass of 10—40 kg were used to apply force to the track shoe model,
and the slope angle could be changed through a test bench. The system composition is
shown in Figure 15.

7 6 5

Figure 15. Validation test system. 1. Test bench; 2. Soil tank; 3. Displacement sensor; 4. Weight. 5.
Soil; 6. Track shoe model; 7. Hand pump.

Figure 16 shows the test results of the No. 1 soil sample. As can be seen, when the
soil water content was 10%, the bulk density was 2 mg-m= and the slope angle was 10°.
The pressure calculated by Equation (10) is relatively close to the results measured by the
thin-film pressure sensor, and the root-mean-square errors are 1.614, 1.601, and 0.822.
The main reason is that the modified model was established by considering that the
forces are uniformly distributed on the interaction surface between the track shoe model
and the soil. However, under actual conditions, owing to the discrete and uneven dis-
tribution of soil, the pressure distributed at the bottom of the track shoe model is not
completely even.

The test results reveal that on the basis of a certain dimension parameters of the
track shoe model, Equation (10) can satisfactorily reflect the soil pressure-sinkage char-
acteristic with different soil water contents, bulk densities, and slope angles, under static
conditions. It has a certain guiding significance for the precise calculation of the soil
sinkage parameters, and can provide a data foundation for the static analysis of HMTs
under hillside terrain conditions.
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Figure 16. Comparison between theoretical and measured pressure values. (a) Soil water content of 10%; (b) Bulk density
of 2 mg-m=; (c) Slope Angle of 10°.

3.2. Dynamic Pressure Test of HMT Prototype

A 3D scanner was used to reconstruct the surface appearance of the soil so as to ob-
tain the initial rut depth under three random soil water content, bulk density, and slope
angle conditions. The pressure value was calculated using Equation (10). Then, the
pressure under both sides of the track of the HMT prototype was measured by driving
the prototype along the contour line on a slope to verify the effectiveness of the modified
model under dynamic conditions.

3.2.1. Pressure Test

The HMT prototype is shown in Figure 17; its ground pressure on the horizontal
surface was 34.84 kPa.

Four thin-film pressure sensors were attached to both sides of the track, as shown in
Figure 18. Pressure data were collected and recorded by the Coco-90 dynamic signal an-
alyzer.

Figure 17. HMT prototype.
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Thin-film pressure
sensor

Figure 18. Distribution of pressure sensors.

3.2.2. Measurement of Rut Depth

A 3D scanner (HandySCAN, Creaform, Lévis, QC, Canada) with a scanning accu-
racy of 0.5 mm was used to obtain the appearance of the sloped terrain’s surface, as
shown in Figure 19. The rut depth of the entire track was obtained by calculating the
difference between the two states of the sloped terrain’s surface appearance in the verti-
cal direction.

Then, thirty groups of depth values between the four supporting wheels were
measured for the subsequent calculation.

(b) (0)

Figure 19. Sloped terrain appearance at bottom of track. (a) 3D scanner; (b) Before testing; (c) After testing.

3.2.3. Analysis of Test Results

According to the measured depth values, Equation (10) was used to calculate the
pressure of the two tracks under random soil conditions. The obtained values were 8.06 +
0.11 kPa and 33.06 + 0.86 kPa, 4.42 + 0.23 kPa and 13.77 + 0.23 kPa, and 5.99 + 0.07 kPa and
19.35 £ 0.22 kPa. The results were compared with the measured values, as shown in Fig-
ure 20.

As can be seen from the figure, the measured values of the two sides of the track
(TVU and TVD in the figure) can obviously reflect the change of the pressure distributed
under the track. The pressure of the lower track is significantly greater than the pressure
of the upper track between the supporting wheels. Although the measured values (CVU
and CVD in the figure) have a significant variation range, they are essentially consistent
with the calculated values between the supporting wheels.

By comparison, it can be seen that on the basis of a certain track’s parameters, the
pressure calculated by Equation (10) essentially reflects the actual force of the track be-
tween the supporting wheels, but could not be used to calculate the actual force under
the supporting wheels. Therefore, the proposed modified soil pressure-sinkage model
could only provide a theoretical foundation for the analysis of the force between the
supporting wheels, when HMTs are subjected to dynamic conditions.
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Figure 20. Comparison of measured and calculated pressure. (a) Soil water content of 5.2%; bulk density of 1.7 mg:m—;
slope angle of 7.81°; (b) Soil water content of 5.8%; bulk density of 1.9 mg-m=; slope angle of 10.54°; (c) Soil water content
of 6.4%; bulk density of 1.6 mg-m; slope angle of 15.23°.

4. Conclusions

With the objective of overcoming the limitations of Bekker’s soil pressure-sinkage
model, the influence of different soil water contents and soil densities on the soil’s pres-
sure and sinkage relationship was verified by considering flat terrain conditions. The
results obtained by plate penetration testing reveal that, under different soil water con-
tents and bulk densities, the pressure changes significantly when the sinkage is 35 mm. It
indicates that the soil water content and bulk density exert a significant influence on the
soil pressure—sinkage characteristics.

Based on the quadratic orthogonal rotating combination testing method, plate pen-
etration tests were carried out under different soil water contents, soil densities, and
slope angles. The soil sinkage parameters of Yangling, Yangxian, Huining, and Jingning
were obtained. The analysis results obtained using the regression equation can provide a
new approach for determining the dependency of different soils. The regression equa-
tions of the sinkage parameters were introduced into Bekker’s model to obtain the pres-
sure-sinkage model of sloped terrain.

Under soil water content of 10%, bulk density of 2 mg-m=3, and slope angle of 10°,
the proposed models were used to calculate the pressure based on a track shoe model.
The calculated pressure values were compared with the measured values, and the
root-mean-square error was found to be small, which is, 1.614, 1.601, and 0.822, respec-
tively. The results obtained by dynamic testing under three random conditions revealed
that the modified soil pressure-sinkage model can effectively calculate the force between
the supporting wheels. It is significant for the arrangement of HMT undercarriages and
driving resistance reduction under sloped terrain conditions.
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