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Abstract: In order to improve the applicability and prediction accuracy of the existing simulation
test methods of vehicle tractive performance on sandy soil, the off-road tire model using the discrete
element method (DEM) under each operating condition is separately established in this paper. The
contact parameters of DEM model are calibrated by rubber-sand friction test and soil bin test
combined with corresponding simulation test. On this basis, the tire-sand simulation model is
calculated under straight and inclining driving conditions, and the variation law of drawbar pull,
torque, tractive efficiency and sinkage is obtained. This paper proves the feasibility of DEM
simulation in studying vehicle tractive performance, and also provides a systematic parameter
calibration method for improving the accuracy of DEM simulation, which is of great significance to
enrich vehicle testing methods.

Keywords: off-road tire; tractive performance; sandy soil; discrete element method; numerical
simulation; soil bin test

1. Introduction

In military and agricultural fields, the tractive performance of off-road vehicles have always
been one of the key research objects. The indexes to evaluate tractive performance include drawbar
pull, torque, tractive efficiency, sinkage, etc., which have an important impact on vehicle
maneuverability under different ground conditions [1]. In the process of vehicle design and
manufacturing, the tractive performance of tires is usually tested, so as to continuously improve the
vehicle design [2]. However, how to test the tractive performance of tires under various driving
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conditions is always a complex question.

In the field of vehicle terramechanics, tests are used to measure the tractive performance of tires
in earlier studies, including outdoor real vehicle test and indoor soil bin test. However, there are
some problems in the outdoor real vehicle test, such as high cost, complicated operation and difficult
control of test conditions. At the same time, indoor soil bin test is limited by test instruments, and it
is difficult to test heavy-load, large-size tires. In recent years, more and more researchers carried out
tire tests through numerical simulation [3], among which the finite element method (FEM) and
discrete element method (DEM) are widely used.

FEM is based on stress-strain relationships, including Bekker theory, Duncan model,
Mohr-Coulomb failure criterion, etc.. These theoretical models assume sandy soil as a continuum
model [4]. In fact, under the pressure and friction of tires, the sandy soil often deforms and breaks,
presenting a discontinuous state, which is especially obvious under the action of high-speed and
high-slip vehicles and in the extremely loose soil environment [5]. During this process, mechanical
parameters such as Young's modulus and Poisson's ratio of sandy soil also change with the
compression of soil pore space [6]. FEM based on the constant mechanics model lacks dynamic
stability in the study of loose sandy soil, so it is more reasonable to adopt the discrete numerical
simulation method for sandy soil [7].

DEM was originally proposed by Cundall [8,9] in 1971 to analyze discrete particle materials on
the basis of molecular dynamics, and it was applied to discontinuous numerical studies such as
geotechnical mechanics. DEM divides the macro sandy soil into a large number of independent
particle models, and the contact relations between the particles are set up, including elasticity,
friction, bonding, damping, etc., which can transfer pressure, shear and torque [10]. DEM can
directly simulate the force and movement of all sandy soil particles under the action of external
forces [11], and DEM conforms to the essence of discretization interaction of sandy soil particles [12].
Therefore, in this paper, DEM simulation is used to build the sandy soil model of multiple operating
conditions, and then the law of tractive performance of off-road tires is studied.

Compared with FEM, DEM is more in line with the characteristics of discrete soil particles, so
the Japanese scholar Oida [13] introduced it into the study of vehicle terramechanics in 2000, which
started a new stage of numerical analysis of DEM in terramechanics. In 2002, Fujii [14] conducted a
DEM simulation of the interaction between tires and soil, and made a comparative analysis of the
simulation and test results. In 2003, Xu [15] used DEM to study machine-soil dynamics, and
explored the advantages and disadvantages of DEM and improved it. In 2004, Nakashima [16] used
DEM model to construct the soil surface and developed some sample programs to solve the basic
tire-soil contact problems, which were proved to be of high accuracy. In 2006, Asaf [17] used DEM
analysis software PFC2D to verify the early test of Oida [13]. In 2007, Nakashima [18] used the wall
element and ball element in PFC2D software to construct the tire. Through the analysis, the
abnormal increase of tractive performance of high-slip tire was obtained, which was not in
accordance with the traditional classical theory, but was supported by subsequent tests and
simulations. In 2008, Zou [19] used PFC2D to systematically study the interaction between tire and
lunar soil under microgravity, laying a foundation for DEM research on vehicle terramechanics of
China. In 2009, Zuo [20] used triangular mesh to divide soft soil into uniform discrete units,
combined with soil viscoelasticity, plasticity and shear model, established the soil dynamics model,
and realized the simulation of soil dynamic deformation.

In 2010, based on independent DEM particles, Koizumi [21] simulated soil particles of different
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shapes and sizes by block command, and verified the soil model by soil bin test. In 2011, Wakui [22]
established a three-dimensional tire-soil interactive model, and introduced the conditions of lug and
contact geometry into the model. The simulation results of the tractive performance and the
cornering were obtained. The model was proved to be accurate by test. In 2012, Wang [23] used
two-dimensional DEM software to establish the interaction model between the tire and the soft
ground, and made a simulation analysis of the interaction model. The feasibility of DEM in
analyzing the interaction between tires and ground was verified. In 2013, Liu [24] and Zhang [25]
established the dynamic simulation of three-dimensional tire of ostrich toe structure, and carried out
the researchn on DEM bionic terramechanics. In 2014, Smith [26] compared DEM with
terramechanics theory, and concluded that DEM had the best prediction effect on the analysis of
vehicle tractive performance. Shi [27] constructed a low gravity field environment in PFC3D and
discussed the effects of gravity field changes on the tractive performance of the lunar rover. Zhao [28]
demonstrated the feasibility of coupling operation between sandy soil DEM model and tire FEM
model, and improved the analysis efficiency of the model by subsection operations.

In 2015, Johnson [29] built the spherical particle unit in DEM software, and on this basis
established the Mars soil model and carried out the research on the tractive performance of Mars
rover. Combined with military background, Li [30] analyzed the influence of tire structure
parameters on vehicle tractive performance in sandy environment. In 2017, Du [31] used PFC3D to
simulate tire-sand interaction and analyze the influence of different lug effects on tractive
performance. The analysis results showed that the intersection of lugs has no effect on tractive
performance. Nishiyama [32] used the tire-sand DEM model controlled by proportional integral
derivative (PID) to study the normal and tangential contact stresses of the tire. The applicability of
the model was extended and the simulation results showed that the consistent angle of rotation for
maximum normal contact stress and the maximum tangential contact stress shifts forward with the
slippage increasing from 22%. In 2018, Kumar [33] evaluated the vertical deflection and contact area
of 13.6-28 bias-ply and radial tires at different ballasted conditions. The results show that for all
selected loads, the radial tire showed 13% higher contact area and 6.5% greater deflection than the
bias-ply. Kumar [34] studied the deflection characteristics of radial-ply tires under different loads
and inflation pressures and established an empirical model of radial tire deflection. The results
showed that the model can be used to determine the optimal combination of normal load and
inflation pressure to achieve the desired deflection. In 2019, Peters [35] established a vehicle-terrain
simulation model by using DEM. According to the simulation results, the shear deformation,
frictional resistance and expansion of soil under the action of vehicles were analyzed. The simulation
results were compared with the existing vehicle performance database to prove the accuracy of the
traditional drawbar pull test. However, there was still no reliable verification of contact parameter in
the modeling process. Kumar [36] conducted tire tests under different ballast loads to study the
average pulling ability and tractive power efficiency of radial tires. It is found that the maximum
output power can be increased by ballast.

DEM has become one of the main research methods in the field of vehicle terramechanics, and
DEM simulation based on tire-soil interaction has been applied to engineering practice [37].
However, there are still some limitations in DEM simulation of tire-soil interaction:

(@) The method of using DEM simulation to test the tire tractive performance is not mature
enough. In particular, the numerical simulation model lacks reliable verification of contact parameter.
This will lead to low precision of simulation parameters and large error of simulation results.
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(b) The existing DEM simulation studies mainly focus on light vehicles, and the single-tire load
is generally 50-500N. The studies on heavy-duty, large-size tires are scarce.

(c) The existing simulation research of vehicle terramechanics is mainly straight driving model,
lacking of targeted and systematic research on longitudinal inclining, transverse inclining, horizontal
inclining and other complex operating conditions.

Based on the above research status, the numerical simulation models of off-road tire and sandy
soil are established in this paper. A method of systematically calibrating the contact parameters
between tire and sandy soil model is proposed, that is, the contact parameters are calibrated through the
friction test of sandy soil and the single-tire soil bin test combined with the corresponding simulation.
After the modeling is completed, the tire traction simulation is carried out to calculate the drawbar pull,
torque, tractive efficiency and sinkage. On this basis, the law of tractive performance of vehicles in
multiple operating conditions is analyzed, which is of practical and innovative significance.

The structure of this paper is shown in Figure 1.

!| Physical parameter
test of sandy soil ‘

Grain diameter || |

Density

' Friction simulation and
test verification

____________________________________________________

‘
) I P ) .. .
Poisson’s ratio . Tire traction simulation

and test verification

Young’s modulus

Other physical | | l
paices 3 ’ Contact parameters between tire and sand in DEM simulation

J/ """ T T — 1

Off-road tire
modeling

Simulation of off-road tire under multiple operating conditions —

i ’ Straight driving model ’ ‘ Longitudinal inclining model
’ Transverse inclining model ‘ ‘ Horizontal inclining model ‘

Tractive performance of off-road tire ) | ’ Conclusion ‘
. ’ Tractive performance Iaw'
Measurement method of | !
contact parameters i
5 Tractive s Modeling and
j Drawbar pull | | Axle torque efficiency Sinkage ' simulation method

Figure 1. Schematic diagram for the structure of this paper.
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2. Tractive performance theory of tire

In the driving process, the tractive performance of the tire are mainly embodied in the force
provided by the soil, the torque consumption of the tire and the degree of subsidence of the tire on
the soft soil surface. In this paper, the following four parameters are used as the evaluation indexes of
tractive performance:

(a) Drawbar pull (Fpp): The force that the soil provides to the tire for its forward motion, that is,
the difference between the soil thrust and the soil resistance.

(b) Axle torque (M): The center torque required for the tire to gain traction.

(c) Sinkage (z): The depth at which the tires sink in the elastic-plastic soil surface.

(d) Tractive efficiency (TE): The tractive efficiency is the ratio of the tractive power to the
driving torque transferred from the engine to the tire. It comprehensively reflects the efficiency
coefficient of the tractive capacity, torque consumption and forward speed.

The force analysis of off-road tire in the moving process is as follows:
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! 0, 7
\ St 1»,\0\ \ !
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Figure 2. Mechanical model of tire-soil interaction.
In Figure 2, W is the tire load. 4, 61, 6, and 6y, respectively represent the variable interaction
angle, the approach angle, the leaving angle and the maximum stress angle. o(¢) and z(6) are
separately the normal stress and the shear stress. z; is the sinkage in front of the tire and z; is the

sinkage behind the tire. r is the rolling radius.
The formula of drawbar pull is as follows [38]:

For =D?bj.:l[r(e)cosﬁ—a(e)sinejde (1)

Where, b and D are the width and diameter of the tire respectively.
The axle torque M is calculated as follows [39]:

M:MS_MR (2)
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Ms and Mg are respectively the driving couple provided by the engine and the friction couple
provided by the ground during the driving process.
The calculation formula of tractive efficiency is as follows:

TE= % (i 3)

Where, i is the slip ratio of tire, which reflects the relationship between the theoretical rotation speed
wor and the actual forward speed v at a certain point on the tire. And the slip ratio is calculated by
formula (4):
i=1-— (@)
@, ¥
Where, wg is the angular velocity of the tire; v is the actual forward speed of the tire.

According to Eq (3), tractive efficiency is related to drawbar pull, axle torque and slip ratio.
When the slip ratio is constant, the tractive efficiency is proportional to the drawbar pull and
inversely proportional to the axle torque.

In the slip sinkage model of Wong and Reece [40], the sinkage z is represented by two parts:
static sinkage zo caused by soil compaction deformation and slip sinkage zs caused by soil shear
deformation. The formula is as follows:

2n+1
1=12,+12,= W +5(1—i)9 ®)

" | (k. +bk,)(3-n)VD "

Where, k. and k, are separately the cohesive modulus and internal frictional modulus of soil. n is the
deformation index of soil. Compared with the sinkage calculation of soil mechanics, Wong-Reece
model added slip sinkage. However, it is difficult to calculate &, in this model.

At present, the existing theory of tractive performance is not applicable to off-road tires with
heavy load, large size and complicated tire pattern, and there is a lack of calculation and research on
inclining driving model and other operating conditions. Therefore, it is necessary to carry out reliable
numerical simulation to provide support for future theoretical research.

3. Conditions of numerical simulation

The research object of this paper is the tractive performance of the off-road tire on sandy soil. In
the simulation system, mechanical parameters of tire and sandy soil, such as density, shear modulus
and Poisson's ratio, need to be input. In addition, the contact parameters between the tire and the
sandy soil, including restitution coefficient, static friction coefficient and rolling friction coefficient,
need to be input in the simulation. These contact parameters can be obtained through a well-designed
parameter calibration process.

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.
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3.1. Condition of tested tire and sandy soil

The off-road tire and simulation model studied in this paper are shown in Figures 3 and 4. The
geometric and mechanical parameters of the tire are shown in Table 1.

Figure 3. The off-road tire. Figure 4. The simulation model of tire.

Table 1. The geometric and mechanical parameters of the tire.

Parameters/unit Value

Rolling radius/mm 496

Outer perimeter/mm 3116

Width/mm 305

Height of lugs/mm 11

Rotating speed/rpm 10

Slip ratio/% 0,10,20,30,40,50,60

In order to measure the parameters of sandy soil, a series of tests were carried out, including
density test, particle analysis test and triaxial compression test, as shown in Figure 5. These tests was
conducted according to Standard for Soil Test Method SL237-1999 [41], including Article 4, Density
Experiment, Article 6, Particle Analysis Experiment and Article 17, Triaxial Compression Test.

(a) Density test (b) Particle analysis test (c) Triaxial compression test

Figure 5. The parameter measurement of sandy soil.
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The mechanical parameters of sandy soil are shown in Table 2.

Table 2. Mechanical parameters of the sandy soil.

Parameter/unit Value
Average grain diameter/mm 2.16
Density/kg: m™ 2463.51
Young’s modulus/MPa 31.75
Poisson’s ratio 0.18
Internal friction angle/< 30.72
Internal cohesion/kPa 3.63
Moisture content/% 3.81

The above are the basic physical parameters of tire and sandy soil, which can be used for further
modeling of tire-sandy soil.

Sandy soil model needs a large number of sandy soil particles. Computing speed is limited by
the computer performance and number of particles. The general approach is to scale up the grain
diameter of sandy soil particles and measure the contact parameters, so as to achieve the same effect
as real sandy soil. This approach may cause difficulty in parameter calibration of the enlarged sandy
particles. At present, there is no strict standard on the enlargement ratio of particle diameter in DEM
simulation. Because the contact parameters will be calibrated after the diameter is enlarged, and the
contact property of the enlarged particle can meet the research needs. According to the researches of
other scholars, such as references [7,11,12,31,42—44], the diameter of DEM particles is usually
within ten times enlargement, and the acceptable simulation results can still be obtained. After the
preliminary research and simulation, the grain diameter of sandy soil model in this paper was finally
determined to be 15-25 mm.

3.2. Calibration of contact parameters in DEM simulation

In DEM simulation modeling, it is very important to set accurate tire-sand contact parameters,
including the recovery coefficient, static friction coefficient and rolling friction coefficient. These
three coefficients have great influence on the accuracy of simulation results [45]. Users can access
the contact parameters from the material database of the software EDEM, but the parameters in the
material database can only estimate a general situation of ground. In order to evaluate specific
ground conditions, a series of complex parameter calibration processes are required [46].

The parameter calibration process designed in this paper is as follows:

(a) Step-1: The friction test between tire rubber and sandy soil is conducted in laboratory.

(b) Step-2: A large number of friction simulation tests are carried out by setting different contact
parameters. The contact parameters are assigned by orthogonal experimental design and range
analysis. When the angle error between simulation and test is less than 5%, it can be considered that
the contact parameters in the simulation are close to the correct value. There is more than one set of
reasonable parameters, so the next verification is needed.

(c) Step-3: The several sets of reasonable contact parameters of Step-2 are respectively input
into soil bin simulation test. The rotation speed and horizontal velocity of the tire were set by
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RecurDyn software, and then the coupling simulation was carried out with the sandy soil in EDEM
to calculate the drawbar pull and axle torque. Then the soil bin test is carried out to verify the
simulation results. The contact parameters in the simulation with the minimum error are selected as
the optimal parameters. These parameters can be used in off-road tire simulation model to simulate
the real contact relationship between off-road tire and sandy soil.

3.2.1. Friction test and simulation

The total steps of the friction test are shown as below:

(a) Step-1: A square rubber board with the same material as the tire was prepared, the side
length of the rubber board was 0.5 m. The rubber board was placed on the horizontal surface of the
table.

(b) Step-2: In the center of the rubber board, the sandy soil with a side length of 200 mm and a
thickness of 2 mm was placed evenly, as shown in Figure 6a.

(c) Step-3: One side of the rubber board was lifted slowly until the sandy soil began to slide, as
shown in Figure 6b. The angle between the rubber board and the horizontal table was measured as
the test result.

The measured angle was determined by the contact relationship between the sandy soil and the
tire rubber, so the friction test could be used as a parameter calibration method to obtain the contact
parameters in DEM simulation.

(a) Test preparation (b) Measurement of angle
Figure 6. Process of friction test.

Through the test, the inclination angle of the rubber board was 31.47<when the sandy soil
began to slide. The next step is the simulation test of sandy soil model and rubber board model.

In simulation software EDEM, the same simulation model was established according to the
friction test. A large number of different contact parameters were input for simulation test, and the
simulation time step was 1 <107 s. The simulation process is shown in Figure 7.

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.
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Figure 7. Process of friction simulation test.

After each simulation, the angle results of numerical simulation and friction test were compared.
When the angle measured by the simulation was the same as the test, the contact relationship was
close to the right one. In order to reduce the workload and get the results consistent with the test as
soon as possible, the orthogonal experimental design and range analysis were used to assign the
contact parameters. Finally, four sets of contact parameters with the minimum error were obtained,
as shown in Table 3.

Table 3. Results and error of friction simulation tests.

(a) (b) (c) (d)
Restitution coefficient 0.56 0.47 0.63 0.46
Static friction coefficient 0.52 0.57 0.49 0.41
Rolling friction coefficient 0.41 0.35 0.48 0.59
Simulation result/< 31.13 31.71 32.27 30.87
Test result/< 31.47 31.47 31.47 31.47
Error/% 1.08 0.76 2.54 191

In the case of these four sets of contact parameters, the results of friction test and simulation are
very similar, and the error is within 3%. It is necessary to conduct the soil bin test and simulation to
determine the final correct contact parameters.

3.2.2. Tire traction simulation and soil bin test

In order to further verify which set of parameters in Table 3 could accurately describe the
contact effect of tire and sandy soil, this section conducted simulation of tire linear traction according
to the four sets of contact parameters in Table 3, and calculated the results of traction and torque. At
last, the results of soil bin test verified the simulation to determine the accurate contact parameters.

The size of the off-road tire studied in this paper are large, and the existing test equipment
cannot support the test. Therefore, a smooth tire with the same material and physical properties but a
smaller size was designed and manufactured, as shown in Figure 8. The tire has a rolling radius of
0.25 m and a width of 0.1 m. Considering the condition of heavy load and test equipment, the normal
load was determined to be 1000 N. Tests and simulations were conducted to verify which set of
contact parameters between the tire rubber and sandy soil was the most accurate.

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.
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(a) Front view (b) Side view
Figure 8. The tire for soil bin test.

The tire traction simulation was conducted by the coupling simulation of DEM simulation
software EDEM and multi-body dynamics software RecurDyn. The sandy soil model was
established in EDEM, with the length, width and height of 6 m, 0.5 m and 0.4 m respectively. Import
the tire in RecurDyn into EDEM. The tire model was modeled in RecurDyn and imported into
EDEM. The physical parameters and contact parameters were input into the software, the tire slip
ratio was set from 0 to 60%, the load was 1000 N, and the time step was 2 %10 s. The simulation
process is shown in Figure 9.

Figure 9. Tire traction simulation.

The results of drawbar pull and torque were obtained by simulation. The next step is to verify
the simulation results by the soil bin test. And the results of simulation and test will be plotted
together for comparison.

The equipment of soil bin test is independently designed, including the main body of soil
bin, the loading facilities, the driving system and sensor, as shown in Figures 10 and 11. The size
of the equipment is 9000 mm =500 mm > 200 mm. The equipment can set the tire speed and
forward speed, and the required data in the whole traction process are collected by the sensor. The
sensor used in the soil bin test is the six-axis force/torque sensor of ATI industrial automation
company, the model is FC-OMEGAL160, as shown in Figure 11b.

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.
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Six-axis force/torque sensor

(a) Front view (b) Side view

Figure 11. The equipment for soil bin test.

After the tire were fixed on the driving system and the tire load was set to 1000 N, the driving
system was turned on and the test began. The value of drawbar pull and torque of tire under different
slip ratio was measured. The test process is shown in Figure 12.

Figure 12. The tire indentation formed during the test.

After the test was completed, the results of drawbar pull and torque were denoised and
compared with the results of the simulation, as shown in Figure 13.

Mathematical Biosciences and Engineering \Volume 17, Issue 4, 3869-3893.
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Figure 13. Simulation and test results of smooth tire.

According to the results of test and simulation, the error of simulation results under different
contact parameters was calculated, as shown in Table 4.

Table 4. The error of simulation results.

Simulation Average error of drawbar pull/% Average error of torque/%
(a) 1.88 2.03
(b) 11.17 8.68
(©) 5.01 8.54
(d) 5.63 3.83

It can be seen from the test and simulation that the contact parameters between tire and sandy
soil have different effects on the drawbar pull and torque. The error trends of drawbar pull and torque
are also different when the contact parameters are changed. Because the contact parameters also
change the friction between the tire and the ground in the simulation. In the case of simulation (a),
the calculated traction performance results are closer to the results of the soil bin test, and the error of
drawbar pull and torque are both the minimum and within 3%, meeting the accuracy requirements.
Therefore, the restitution coefficient, static friction coefficient and rolling friction coefficient
between the tire and the sandy soil are determined to be 0.56, 0.52 and 0.41, respectively, as the
parameters for the next off-road tire simulation.

4. Simulation of off-road tire under multiple operating conditions

After the parameter calibration and verification in chapter 2 and chapter 3, the parameters
needed for off-road tire simulation were finally determined. This chapter established the simulation
model of off-road tire traction on sandy soil under multiple operating conditions, and calculated the
tractive performance of the off-road tire. Four typical operating conditions, including straight,
longitudinal inclining, transverse inclining and horizontal inclining, were selected for analysis.

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.
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4.1. Straight driving model

The numerical simulation model of sandy soil was established. A total of 44400 sandy particles
were produced automatically by particle factories in EDEM. Under the action of gravity, all particles
collided and consumed energy in the cuboid area to reach the equilibrium state, that is, the sandy soil
model. The RecurDyn model of off-road tire was imported into EDEM to complete the numerical
simulation modeling of straight driving, as shown in Figure 14. The length, width and depth of sandy
soil were 6 m, 1 m and 0.4 m respectively.

P

(a) Front view (b) Left view

(c) Top view
Figure 14. Numerical simulation model of straight driving.

Tire load and slip ratio were set by RecurDyn and coupled with EDEM for simulation. The
simulation time step is 5 <107 s, and the simulation process is shown in Figure 15.

Figure 15. The simulation process of straight driving.

The traction simulation of off-road tire under the load of 2000 N, 4000 N, 6000 N and 8000 N
was carried out respectively. The results of drawbar pull, torque, tractive efficiency and sinkage of
the off-road tire were calculated through the simulation. Where, the drawbar pull of the tire is the
traction value in its driving direction, and the torque is the moment of the tire in the rotation direction.
The simulation results are shown in Figure 16.

Mathematical Biosciences and Engineering \Volume 17, Issue 4, 3869-3893.
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Figure 16. Simulation results of straight driving model.

As can be seen from Figure 16a, with the increase of tire load, the drawbar pull significantly
increases. The drawbar pull increases linearly with the increase of vertical load, and the rising slope
with low slip ratio is close to that with high slip ratio. In addition, the load have a greater influence
on the simulation results at high slip ratio.

According to Figure 16b, the axle torque increases linearly with the increase of vertical load.
The torque also increases with the increase of the slip ratio. At the low slip ratio of less than 30%, the
rising slope of torque is greater than that at the high slip ratio of more than 40%. There is some
fluctuation in torque variation. The reason is that the friction between the tire and sandy soil
fluctuates when the tire is running, which affects the driving torque needed to control the tire speed.

In Figure 16c¢, with the increase of slip ratio, the tractive efficiency shows a tendency of first
rising and then decreasing. The tractive efficiency of 2000 N load reaches the peak at about 25% slip
ratio, the peak efficiency of 4000 N load is about 20% slip ratio, and the peak efficiency of 6000 N
and 8000 N load is about 15% slip ratio. Therefore, it can be considered that with the continuous
increase of tire load, the peak value of tractive efficiency moves to the direction of low slip ratio.
This also shows that when the vehicle is off-road driving, keeping a proper slip ratio can ensure the
full use of energy while ensuring the speed. In the case of low slip ratio, with the increase of tire load,
the tractive efficiency rises first. After the load exceeds 6000 N, the rising trend increases
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significantly, tending to 0.15 efficiency value. However, in the case of high slip ratio, the efficiency
coefficient is little affected by tire load.

Under the condition of low slip ratio, the tractive efficiency is mainly related to the drawbar pull
and axle torque. The drawbar pull increases significantly with the increase of the slip ratio, and the
increase rate is larger than that of the axle torque, thus promoting the increase of the tractive
efficiency. When the slip ratio increases to a certain extent, the tractive efficiency reaches its peak. If
the slip ratio continues to increase, it will have a greater effect on tractive efficiency than the drawbar
pull, resulting in a decrease in tractive efficiency.

Figure 16d shows the change curve of sinkage with slip ratio. It can be found that the sinkage
shows a linear upward trend with the increase of vertical load, but the upward slope at a high slip
ratio of more than 40% is significantly greater than that at a low slip ratio of less than 30%.

To sum up, the variation trend of various tractive performance indexes of tire is basically the
same under different load. The increase of the vertical load will lead to the linear increase of the
drawbar pull, axle torque and sinkage, and promote the peak tractive efficiency to move towards the
direction of low slip ratio. In straight driving condition, the DEM simulation model in this paper has
good applicability.

4.2. Longitudinal inclining model

In addition to the typical straight driving condition, off-road vehicles often experience the
condition of longitudinally inclined ground, that is, the popular climbing condition. According to the
same modeling principle as in section 4.1, sandy soil with different longitudinal inclining angles was
established in EDEM, and the inclining angles were 5< 10< 15<and 20 “respectively. The off-road
tire model was placed on the surface of the sandy soil model. In order to prevent the action of the
inertial force inside the model caused by the instantaneous load, the vertical load of 4000 N was
gradually applied to the center of the tire model. After the modeling was completed, the simulation
time step was set to 5 x107s for coupling simulation, as shown in Figure 17.

Figure 17. The simulation process of longitudinal inclining driving.

Through the simulation calculation, the law of tractive performance of off-road tire under the
longitudinal inclining condition is calculated, as shown in Figure 18.
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Figure 18. Simulation results of longitudinal inclining model.

Figure 18a shows the change curve of drawbar pull under different longitudinal inclinations of
ground. It can be seen that with the increase of the inclination angle, the drawbar pull presents a
completely linear downward trend, and the decline under the condition of 20% low slip ratio is very
close to that under the condition of 50% high slip ratio. With the increase of the slip ratio, the
increasing trend of the drawbar pull gradually slows down, which also indicates that when the
vehicle climbs the slope, it is limited to obtain traction by increasing the speed.

According to Figure 18b, the effect of longitudinal inclination on torque is small, and the
difference of results under different longitudinal inclination angle is not obvious. The comparison
analysis of the torque under the condition of 20% low slip ratio and 50% high slip ratio is as follows:
the simulation value of torque shows a slight decrease with the increase of the inclination angle, and
the change characteristics of high slip ratio and low slip ratio are basically the same. The numerical
simulation results fluctuate greatly, and the torque under the condition of high slip will rise
abnormally when the longitudinal inclination angle of the ground is 20

In Figure 18c, the influence of ground inclination angle on tractive efficiency is significant, and
the variation curves of efficiency under different angle conditions are highly differentiated. When the
longitudinal inclination angle is 5< the peak efficiency appears around 20% slip ratio, while when
the longitudinal inclination angle is 10°and 15< the peak efficiency appears around 30-40% slip
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ratio. The peak efficiency is no longer obvious when the longitudinal inclination angle continues to
increase. With the increase of the inclination angle, the tire tractive efficiency presents a linear attenuation
trend. Different from other operating conditions, the decreasing trend of efficiency under low slip ratio is
significantly greater than that under high slip ratio. After the inclination angle is greater than 10< the
efficiency drops to negative value, with no tractive performance at all. On the other hand, with the
increase of the inclination angle, the efficiency under the condition of low slip ratio decreases sharply.

Figure 18d reflects the variation range of the sinkage under different longitudinal inclining
conditions. It can be found from the curves that: The variation range of sinkage is small at low slip ratio,
but large at high slip ratio. On the whole, the sinkage decreases with the increase of the longitudinal
inclination angle, and the decreasing trend under the condition of high slip ratio is slightly greater than
that under the condition of low slip ratio.

4.3. Transverse inclining model

The transverse inclining driving usually occurs when the vehicle runs, such as the lateral driving on
the slope and the obstacle crossing on one side. Off-road vehicles, in particular, need to cope with more
complex ground conditions. According to the typical transverse inclining condition, the numerical models
of the ground under the lateral inclination angle of 5< 10< 15“and 20“were set respectively. As shown
in Figures 19 and 20.

() 5° (b) 10° (c) 15° (d) 20°

Figure 20. Left view of the simulation model with different inclination angles.
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After the simulation settings were completed, the results of tractive performance were
calculated as shown in the figure below.
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Figure 21. Simulation results of transverse inclining model.

It can be seen from the curve of drawbar pull in Figure 21a that the influence of transverse
inclining on the tire drawbar pull is not significant, and the drawbar pull curve under different
inclination conditions is not clearly discernible. Therefore, a comparative analysis is made on the
drawbar pull under the conditions of 20% low slip ratio and 50% high slip ratio, indicating that the
drawbar pull slightly decreases with the increase of the transverse inclining angle. The simulation
results of drawbar pull increase with the increase of slip ratio, and the increase gradually slowed
down with fluctuation.

Figure 21b shows the variation curve of torque with slip ratio in the numerical simulation,
which is similar to the variation characteristics of drawbar pull. The difference of torque curves
under different transverse inclining conditions is not obvious. The simulation results show a similar
increasing trend with the increase of the ground inclination angle. At the condition of 20% low slip
ratio, the torque reaches the minimum value when the inclination angle is 5< and then presents an
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upward trend. Under the condition of 50% high slip ratio, the torque reaches the minimum value
when the inclination angle is 15< and then continues to rise. The above trend is similar to the
situation of drawbar pull.

In Figure 21c, the tractive efficiency of different transverse inclining conditions reach the peak
at about 20% of the slip ratio, and the change curves after that are almost identical. The influence of
transverse inclining angle on tractive efficiency is very small. When the slip ratio is higher than 30 %,
the tractive efficiency almost does not change with the inclination angle. Under the condition that the
slip ratio is less than 20%, the results of tractive efficiency fluctuate greatly, but there is no obvious
correlation between the variation law and the inclination angle.

According to Figure 21d, the sinkage of tire is the minimum at 5<transverse inclining angle,
and then continues to rise with the increase of angle. The variation trend is more obvious when the
slip ratio is more than 40%.

To sum up, the transverse inclining condition of ground will promote the significant increase of
tire sinkage, weaken the tire drawbar pull and torque to some extent, and have little influence on the
tractive efficiency of tire.

4.4. Horizontal inclining model

Horizontal inclining is also a very common driving condition of vehicles. When the vehicle
encounters lateral force such as transverse wind or multi-axis steering, the rolling direction of the tire
will produce a certain angle with its forward direction, that is, the horizontal inclining angle. In order
to simulate the horizontal inclining effect of the tire in the driving process, based on the straight
driving model, this section kept the forward direction of the tire model unchanged, and set the model
to rotate 5 10< 15<and 20 “respectively around the vertical axis to form horizontal inclining angle.
The numerical simulation model of horizontal inclining driving condition, as shown in Figure 22,
was established.

Figure 22. Numerical simulation model of horizontal inclining driving.

The simulation results of Horizontal inclining model are shown in Figure 23.

In Figure 23a, with the increase of horizontal inclining angle, the results of drawbar pull show a
linear downward trend, and the trend is more obvious in high slip ratio condition. The simulation
results reach the peak value at 5=horizontal inclining angle under high slip condition and decrease
significantly with the increase of inclining angle. The reason for the above changes is that the
horizontal inclining bulldozing area overlaps with the area in the forward direction of tire, resulting
in the repeated calculation of the additional resistance of the horizontal inclining bulldozing. When
the horizontal inclining angle is small, the area of the bulldozing is small and the response to the slip

Mathematical Biosciences and Engineering Volume 17, Issue 4, 3869-3893.



3889

ratio is not obvious. With the increase of angle, the area of bulldozing area increases, and the
drawbar pull is obviously affected by the slip ratio.
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Figure 23. Simulation results of horizontal inclining model.

It can be seen from Figure 23b that the influence of horizontal inclining angle on torque is not
significant, and the torque change curves under different inclining conditions basically coincide. The
comparison of torque under the conditions of 20% low slip ratio and 50% high slip ratio found that:
The simulation results are almost unchanged with the increase or decrease of the horizontal inclining
angle, and are in a small range of fluctuation state. It can be considered that the tire torque is not
affected by the horizontal inclining angle.

As can be seen from Figure 23c, in the horizontal inclining condition, the tractive efficiency
first increases and then decreases with the increase of slip ratio. A comparative analysis of the
tractive efficiency under low slip ratio and high slip ratio shows that the efficiency decreases linearly
with the increase of horizontal inclining angle, and the decreasing trend is more significant under the
high slip ratio condition.

Figure 23d shows the change curve of sinkage with slip ratio calculated by simulation. The
simulation results show that the tire sinkage is little affected by the horizontal inclining angle, and
the sinkage curves are almost identical under different horizontal inclining conditions. Only in the
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case of low slip ratio, the sinkage increases slightly with the increase of inclining angle

To sum up, the horizontal inclining simulation model of off-road tire established in this chapter
is applicable in horizontal inclining driving, which reflects the phenomenon that the drawbar pull is
weakened by horizontal inclining of the tire, and horizontal inclining driving has little effect on
torque and sinkage.

5. Conclusions

In view of the problems existing in the DEM simulation test method for tractive performance of
off-road tire, a systematic parameter calibration method for the DEM simulation model of tire-soil
was proposed. The contact parameters between tire and sandy soil were evaluated, and the accuracy
of the DEM model was verified. The tire-soil simulation model under multiple operating conditions
was established to test the tractive performance. It could be concluded that:

(a) Under straight driving condition, the increase of tire load can cause the increase of drawbar
pull, torque and sinkage in different ranges, and promote the peak tractive efficiency to move
towards the direction of low slip ratio. Drawbar pull increases with the increase of slip ratio, while
the tractive efficiency increases first and then decreases gradually. In particular, when the slip ratio
increases from 0 to 20%, the drawbar pull increases significantly.

(b) The longitudinal inclining driving condition will result in linear reduction of the drawbar
pull, torque, sinkage and tractive efficiency of the tire to varying degrees. When the slip ratio is
0-30%, the effect of longitudinal inclining condition on drawbar pull and traction efficiency is
greater than other tractive performance indexes, while when the slip ratio is higher than 30%, the
effect on sinkage is more obvious.

(c) The influence of the transverse inclining operating condition on the drawbar pull and torque
of the off-road tire is small, but the tire sinkage is significantly increased. The increase of the
transverse inclination angle will promote the peak tractive efficiency to move toward the direction of
high slip ratio, which is manifested in that the slip ratio gradually approaches from 15 to 20%. When
the slip ratio is large, the inclination angle has little effect on the tractive efficiency.

(d) The horizontal inclining working condition significantly reduces the drawbar pull and
tractive efficiency of the off-road tire. In the case of high slip ratio, the influence of tire horizontal
inclination angle on drawbar pull is more significant. The horizontal inclination angle has little
influence on the torque and sinkage. For every 5<increase in inclination angle, torque and sinkage
increase by less than 5%.
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