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Abstract. A simulation model of a wheeled tractor was built using the multi-
body dynamics software RecurDyn. The model consisted of four wheels, front and
rear axles, and a body frame. An interaction model between tires and soft soil was
established using the Soil-tire module of RecurDyn. The simulations of displacement
and force of the tires were conducted on 20° up-slope, 44° ultimate up-slope, 20°
down-slope and 34° ultimate down-slope roads respectively. The performance of a
wheeled tractor over a cylindrical obstacle was analyzed under two different speeds.
Results showed that forces of the front wheel were different on different slope roads.
The maximum impact force of the front wheel increased by 68% as the up-slope
increasing from 20° to 44°. The maximum impact force of the front wheel decreased
by 8% when the down-slope changing from 20° to 34°. The maximum force of the
front wheel decreased by 16% when the wheeled tractor over a cylindrical obstacle
with the speeds decreasing from 1.356m/s to 0.678m/s.
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1 Introduction

A modern wheeled tractor has the advantages such as reliability, mobility and
applicability, especially its wheels has no destructive effect on the road surface and
soil, which make it the main agricultural machinery widely applied in agriculture [1].
As the complexity of a tractor and its operation environment, the design of a tractor
using the traditional method is a long period and high cost process. With the
development of the theory of vehicle and terrain systems and multi-body dynamics, it
is feasible for us to design a tractor or analyze its performance using the techniques of
modeling and simulation.

The vibration of wheeled tractors traveled on the rough ground was studied while the
mechanics mode and equation of vibration was set up [2]. Influences of the change of
the amplitude and space frequency of road surface roughness on adhesion ability were
simulated and analyzed by means of the nonlinear and time-varying tire mode [3].

! Beijing Municipal Science and technology Commission (Project No. D101105046310003)


mailto:huangwq@nercita.org.cn

The results showed that the adhesion ability of road to the tire reduced and the
braking distance increased as the road surface roughness increased. The models of
formative process of the effective spectrum of the soft terrain were developed and
calculated [4]. A simplified, closed-form version of the basic mechanics of a driven
rigid wheel on low-cohesion deformable terrain is studied [5].

In recent years, the development trend of a wheeled tractor is to design a compact
structure, light, easy to operate and adaptable to different implements tractor. It is
important to study the stability when a wheeled tractor was running on a slope land
and over an obstacle. In this article, the interaction model of a tire and the soft land
was developed using the Soil-tire module of the multi-body dynamics software-
RecurDyn. The trafficability and terrainability of a wheeled tractor on a slope land
and over an obstacle were studied.

2 Materials and methods

2.1 Mechanical relationship between vehicles and terrain

In order to measure the deformation of soil under different loads, penetration tests are
necessary. In these tests, the interaction between of the tire and soil is simulated using
a plate penetrating into the soil, and the pressure-sinkage relationship can be
calculated. For the homogeneous soil, a pressure-sinkage relationship equation was
proposed by M.G. Bekker as follow [6-7]:

n
p=(k,/b+k )z .
Where:
b= plate width, m
D = vertical average contact pressure, kFa

k

5= soil stiffness constant for sinkage, kPa/ m"

k= soil stiffness constant for sinkage, kPa/ m""

Z = depth of sinkage, 1

1= soil constant related to the soil characteristics, non-dimensional

Equation (1) is suitable for the continuous loading process. For the unloading and
loading cycle process, the calculation equation is showed as follow:

p=p, -k +47,\2-7) )
Where:

D, = vertical average contact pressure at the start of unloading, 4Pa
Z ,= depth of sinkage at the start of unloading, 7

k, and A, = the characteristic parameters of the soil
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Fig.1 The pressure-sinkage curve of the soil

The pressure-sinkage curve of the soil under the loading, unloading and reloading
cycle process is shown in Fig.1. The line segment AB shows the continuous loading

process. When reaching the maximum sinkage depth of Z,, the unload process begins.
The line segment BC shows the unloading process. When the pressure of soil reaches
zero, a residual sinkage depth of 7, still exists as the elastic deformation of soil.
The line segment BC also shows the reloading process. When reaching the sinkage

depth of 7, the new sinkage depth would be showed through the elongation line
along the line segment AB.

2.2 Tire mechanical model

All ground forces are acting on the tractor through the tire when the tractor is moving.
Mechanical properties of the tractor tire have a very significant impact on
manipulation and stability of a tractor [8-12]. There are several tire models which are
used in a dynamics simulation [13-14]. The Soil-tire toolkit enables the vehicle
motion to be simulated on the flat and uneven soft ground. The soft ground is more
complex than the solid ground, so the definition of the contact area is crucial for the
effect of the simulation. The contact area is obtained from the equilibrium of forces
while taking into account the tire deflection and the sinkage, considering the
resistance of soil deformation and the wheel load. Therefore, the Soil-tire model was
adopted in this study.

The wheel load of Rigid wheel with soil dynamics model in the Soil-tier model was
adopted. The pressure-sinkage relationship which is the basis of the theory of
BEKKER is measured quasi-statically with low velocities. However, when driving
off-load, the soil stress is not quasi-static, but dynamic. In order to take account of
these dynamic effects in the calculation, dynamics parameters characterizing the soil
strength have to be used as the following equation. The dynamic pressure sinkage
relationship formula is



p = (ksz‘at + k
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Where: k_,., is the pressure-sinkage parameter. K 4 18 the pressure-sinkage

parameter.
In the formula for the rigid wheel approach of BEKKER.
b* D
Fo= = [sin(@) - p(O)do 4)
é

Where b is the tier width, 7. £ is the wheel load, N . [ is the tier

diameter, 7. @ is the contact angle between tire and soil.

p(@) is replaced by the dynamic equation, so that the connection between the
wheel load /), and sinkage z, is calculated as follows.
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2.3  Establishment of the dynamic model of a wheeled tractor

As the four tires of a wheeled tractor are running on the same soil condition, the
hypothesis that the four tires have the same road spectrum was proposed in this study.
A simplified model of a wheeled tractor was set up using the multi-body dynamics
analysis software RecurDyn. The simplified model includes four tires, a front axle, a
rear axles and a vehicle frame. A reasonable mass was imposed on the front and rear
axles. The four tires were created using the Soil-tier model of RecurDyn.

The parameters of a wheeled tractor model were listed in Table 1. The fixed
constraints were added between the vehicle frame and the front and rear axles. The
revolution constraints were added between the tires and the front and rear axles. The
model was driven using the motion imposed on the wheels. A step function was
adopted in the creation of the motion shown as following.

when x < x, step = A,

when x, < x < x (10)

2
step=h0+(/7,—/70)-(x_XOJ (3-2[’(—’(0}}
X, — X, X, — X,

when x 2 x, step = A

The motion function imposed on the four tires was: 5 x step(time, 0,0,0.1, 1).
The formula means that the revolution speed of the tires will increase from 0 to 5



rad/s in 0.1 second. The contact parameters between the tires and the soil can be set in
RecurDyn, which was shown as Fig.2.

Table.1 Simulated parameters of the tire model

Parameter name Parameter values Parameter name Parameter values

Front Wheel

Wheelbase(mm) 1400 rack(mm) 900
Rear Wheel
track(mm) 1000 Total Mass(kg) 2000

Soil Tire Property

Soft Soil Model
™ Multipass
c eel
Front Number  |Parabolic Approach
Rigid Wheel With Soil Dynamics

Saved Pass Leng|Eastic Wheel With Soil Dynami
Tire Width (B)
Tire Diameter (D)
Soll Stiffness (kc)
Soil Stiffness (kphi)
Exponential Number (n) h Y|
Cohesion (c) 2 e-002 Y|
Shearing Resistance Angle 27 ﬁ]
Shearing Deformation Modules (K) 250 v
Sinkage Ratio 5 e-002 JaY|

Impot | Expot | [_Close |

Fig.2 Parameters of a tire model

2.4 Kinematic and dynamic simulations of the wheeled tractor

The wheeled tractor is a complex nonlinear multi-body system. The interaction
process between the tire and the soil surface is a typical contact process [15-16].
RecurDyn is suitable to solve the multi-body dynamic problems with large-scale and
complex contacts. The simulations of a wheeled tractor under three typical operation
conditions were conducted respectively. The simulations of displacement and force of
the tires were conducted on 20° up-slope, 44° ultimate up-slope, 20° down-slope and
34° ultimate down-slope roads respectively. The performance of a wheeled tractor
over a cylindrical obstacle was analyzed under two different speeds. The road
conditions of the simulation are the same as these in our another article [17].



3 Results and discussion

3.1 The simulation of a wheeled tractor on an up-slope road

When the wheeled tractor is running on an up-slope rode, the front wheel contacts the
road first. So the front wheel was chosen as the research object. As shown in Fig.3,
20° and 44° up-slope roads were created and a 500 sample times and 4 seconds
simulation was conducted using RecurDyn.
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Fig.3 The simulation process of a wheeled tractor on an up-slope road

As shown in Fig.4, the risk of a backwards rollover increased as the degree of the
slope increased when the tractor was on an up-slope road, especially when the tractor
was used to tow an implement or other heavy load. 44° up-slope road is an ultimate
situation that a backwards rollover occurs. A counterweight for the wheeled tractor
can afford optimum weight distribution and improve the stability of operation on a
steep slope to decrease the risk of a backward rollover.

the displacement curve on 20°up-slope road
the displacement curve on 44°up-slope road
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Fig.4 The displacement curves of the front tire of a wheeled tractor on 20° and
44° up-slope roads



As shown in Fig.5(a), two peaks occurred in each normal force curve when the
simulation time was 0.48 second and 1.4 second respectively, which were the
transient normal impact forces generated in the contact-impact process between the
front and rear tires and the steep slope road. The fluctuation reflected that there were a
large amount of impacts when the complex non-linear tires were running over the
road. As shown in Fig.5(b), when the simulation time was 1.7 second, the force on the
front and rear tires was 0 when a backwards rollover happened. As shown in Fig.5(b),
the force of the front tire when the wheeled tractor on a 44° ultimate up-slope road
increased by 68% compared with that on a 20° up-slope road.
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Fig.5 The force curves of the front and rear tires on (a) 20° and (b)44° up-slope
roads

3.2 The simulation of a wheeled tractor on a down-slope road

In the simulation of a wheeled tractor running on a down-slope road, the rear tire was
chosen as the research objective. As shown in Fig.6, 20° and 34° down-slope roads

were created and a 500 sample times and 4 seconds simulation was conducted using
RecurDyn.

(c) (d)

Fig.6 The simulation process of a wheeled tractor on a down-slope road

As shown in Fig.7, the risk of a rollover still existed when the tractor was running
on a down-slope road. 34° down-slope road is an ultimate situation that a rollover
occurs. Because of the high speed and a large inertia when the tractor was running on



a down-slope road, the risk of a rollover increased as the emergency brake or the
collision with an obstacle occurred.

- the displacement curve on 20°down-slope road
the displacement curve on 34°down-slope road
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Fig.7 The displacement curves of the rear tire of a wheeled tractor on 20° and

34° down-slope roads

The simulation result of a wheeled tractor on a 20° down-slope road was shown as
Fig.8(a). When the simulation time was 0.46 second, the front tire began to contact
with the road, and the force on the tire increased as the contact area between the tire
and the road increased when the tractor was moving forward. When the simulation
time was 1.22 second, the rear tire began to contact with the road, and the force
between the rear tire and the road decreased dramatically as the front tire was moving
forward steadily. The simulation result of a wheeled tractor on a 34° down-slope
road was shown as Fig.8(b). As the force curves of the front tires shown in Fig.8(b),
the maximum transient force of the front tire on the 34° down-slope road decreased
by 8% compared with that on the 20° down-slope road. When the simulation time
was 1.22 second, the force on the rear tires was 0 when a rollover happened.
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Fig.8 The force curves of the front and rear tires on (a)20° and (b)34° down-
slope roads



3.3 The simulation of a wheeled tractor over an obstacle

As shown in Fig.9, a cylindrical obstacle was created and a 500 sample times and 4
seconds simulation was conducted using RecurDyn. The diameter of the obstacle was
200mm and a half of it was embedded into the soil. The speeds that the wheeled
tractor running over the obstacle were 1.356m/s and 0.678m/s in the simulation.
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Fig.9 The simulation process of a wheeled tractor over a cylindrical obstacle

The simulation result of the wheeled tractor over a cylindrical obstacle was shown
as Fig.10. Two impact forces on the front and rear occurred respectively when the
tractor was running over the cylindrical obstacle, and the force on the front tire was
obviously larger than the one on the rear tire. The maximum force of the front tire
when the wheeled tractor running over the obstacle at a speed of 0.678m/s decreases
by 16% compared with that at 1.356m/s. It is necessary to increase the distance
between the right tire and the left tire and decrease the speed for a stable operation on
an uneven road and avoidance of a rollover in a sudden collision with an obstacle.

o the front tire force at 1.356m/s
the rear tire force at 1.356m/s
x the front tire force at 0.678m/s
the rear tire force at 0.678m/s
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Fig.10 The force curves of the front and rear tires over a cylindrical obstacle



4 Conclusion

The dynamic model of a wheeled tractor was established using Soil-tire module of
RecurDyn. The simulations of displacement and force of the tires were conducted on
20° up-slope, 44° ultimate up-slope, 20° down-slope and 34° ultimate down-
slope roads respectively. The tire force that the wheeled tractor runs over a cylindrical
obstacle was analyzed at two different speeds. The conclusions are as following:

The forces of the front wheel were different on different slope roads. The
maximum impact force of the front wheel increased by 68% as the up-slope
increasing from 20° to 44° . The maximum impact force of the front wheel

decreased by 8% when the down-slope changing from 20° to 34° .
The maximum force of the front wheel decreased by 16% when the wheeled tractor
over a cylindrical obstacle with the speeds decreasing from 1.356m/s to 0.678m/s.
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