About Phenomenon which Appear at Driving Earthmoving Machine on

the Irregular Surface

Carmen DEBELEAC

University "Dunarea de Jos" of Galati, Engineering Faculty of Braila, Research
Center for Mechanics of the Machines and Technological Equipments, Calea
Calarasilor 29, 810017, Braila, Romania, http://www.ugal.ro, cbordea@ugal.ro

Gheorghe OPROESCU

University "Dunarea de Jos™ of Galati, Engineering Faculty of Braila, Research
Center for Mechanics of the Machines and Technological Equipments, Calea
Calarasilor 29, 810017, Braila, Romania, http://www.ugal.ro, goproescu@ugal.ro

(Received 22 April 2008; accepted in revised form 24 September 2008)

Abstract: - In this work the authors have developed two theoretical models for study of overloads
witch appear at the wheel-road interface. In present case, these overloads are caused by the vibrations
of an earthmoving machine (e.g. loader, dumper) when it is excited by roughness of the irregular
surface. With these models were treated two aspects of wheel behaviour, such as non-linear and linear
vertical stiffness. The numerical simulation results show that for a low velocity of earthmoving
machine, the contact between the wheel and the road is missing and the overload increases with speed

and road roughness.
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1. INTRODUCTION

The normal force applied to the road surface by
each wheel of the earthmoving machine can be
separated into two components: the static load, due
to the weight, and fluctuating components known
as the dynamic wheel load. The static load depends
on the geometry and mass distribution of the
machine. Dynamic load are caused by the vibration
of the machine when it is excited by roughness of
the irregular surface and can be considered to be
Gaussian  with  typical RMS  amplitudes
approximately 10-30% of the static load. They
increase with speed and road roughness.

In order to simulate machine behaviour it is
necessary to assume a road roughness input witch
can generally by considered as random distribution
or isolated irregularities.

Simulation of machine behaviour to road
roughness can be performed in the time domain or
the frequency domain. In time domain simulations,
the equations of motion are solved by integration
with respect to time, and the outputs are time
histories of the machine response variables.

Time domain simulations are used when the
machine model is non-linear and/or when the
response to a deterministic input is required.

2. MODELLING 1DOF OF THE WHEEL-
ROAD INTERACTION

The wheel has a circular form with exterior
diameter D, interior diameter d and pressure p.

The elliptical contact area is 2a x 2b, see
Figure 1.
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Figure 1. Road-wheel contact area

We consider an 1DOF model of the wheel-road
ensemble. The force F. acts only vertically and
contains the weight of the wheel and a certain part
of the vehicle and load weight, see Figure 2.
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The force F. generates the elastic deformation
yo of the tyre. The elasticity and attenuation factor
are denoted in figure 1 with k and c.

It’s known that the behaviour of rubber cannot
be modeled with simple linear viscoelastic models
[11, [41, [6]- Therefore it is necessary to apply the
theory of nonlinear viscoelasticity to describe the
motion equations for the behaviour of machine tire
modeling.

The elasticity is produced by the balloon tire
inflated with pressed air, the attenuation is due to
the interior friction forces and a plastic amount of
the deformation. The road is considered inelastic.

Figure 2. Model of road-wheel contact

On the geometrical way is easy to calculate the
expression of force Fg

F.=prab=pr yox/(D - yo)(d - yo) 1)
therefore has a non-linear dependence from the

deformation y,. The elastic factor k of the tyre is
also non-linear.

k=pzy(D-y,Nd-y,) @
The wheel displaces on a sine profiled road,
see Figure 3 [6]. The value z denotes the sine
profile, y the position of the centre of the wheel
and v the speed. The distance between reference
axis for z and y, respectively between the incipient
contact point and wheel centre is 0.5D and m is the
mass of the wheel and a certain part of the vehicle
and load mass.
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Figure 3. 1DOF model for wheel-road interaction

The differential equation motion of wheel is

my+F, +F, =mg (3)
where:

Fe is the elastic force

£ ) prly=2D-ly-2lldy-zl y-20
° o, y—z<0
F - attenuation force
I:C:{c(y—z), y—2>0 -
0, y—-2<0
The sine profiled road has the expression
z= —Asin(@j (6)

where A is the amplitude of the roughness, | - the
spatial period of the roughness, t - time.

The results of the Eq.(3) under the conditions
Eq.(4)-Eq.(6) determine the trajectory of the wheel
centre y, the speed yand the force Fg. The
differential equation is non-linear and can be
solved using only numerical methods.

The model parameters representing a single
degree of freedom are shown in Table 1.

Table 1. Model parameters

Elements Symbol Value
A quarter of the mass m 1500 kg
of entire machine
D 1,00 m
Wheel d 0,250 m
(Tyre 12,5x20x12PR)
p 3 bar

The attenuation factor ¢ was evaluated in
laboratory on ¢c=15000 Ns/m by the evaluation of
the attenuation of the free oscillations.

The frontal loader moves with the speeds between
20 km/h in situ up to maximal 50 km/h. The
numerical solving was made on Pentium IV PC
with the Runge-Kutta [5], [8] fourth order method
and Borland Pascal language.

For the spectral analysis we used the pure Fourier’s
transformation.

The next figures present the trajectories y with
0.5D translated adown in order to have a direct
comparison between the both curves, y and road
profile.
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Figure 4.Simulation results for A=0.1m, v=1m/s, I=3m

Figure 4 shows the dynamic at little speed on long
roughness. The elastic forces are quasi constant,
the wheel pushes down continuously on the road
and the trajectory reproduces very well the ripple
with an exception: its quasi constant deformation.
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Figure 6.Simulation results for A=0.1m, v=5.5m/s, I=3m

The paper demonstrate that the own elasticity

of the tire suffice to produce such like behaviour
and the attenuation has a negligible influence.
The spectral analysis was made on five roughness
of the road. Figure 7, Figure 8 and Figure 9 show
that the dynamical behaviour of the wheel action
on the image of the spectrum and hereby on the
excitation possibilities of different part of the
machine.
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Figure 7. Spectrum of the forces from fig. 4 case

Figure 5. Simulation results for A=0.1m, v=1m/s, I=0.5m

In Figure 5 we observe the same movement but on
the shorter roughness. The wheel bounces, the
forces are greater and there are periods of time
when the tyre goes out of the road.

If the roughness is longer but the speed increases,
the Figure 6 shows a very heavy dynamic
behaviour and in the same time with the resonance
phenomenon.

The contact times between tyre and road are
shorter and the wheel bounces higher.

Figure 8. Spectrum of the forces from fig. 5 case
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Figure 9. Spectrum of the forces from fig. 6 case

The spectral analysis fills out the study and
shows that the forces can have many harmonic
components, especially at irregular movement of
the wheel. These components can activate
oscillations on different parts of the machine.

3. MODELING 2DOF OF THE WHEEL-
ROAD INTERACTION

In this section, an earthmoving machine model
with 2 degree of freedom (DOF) is established.

The two degree of freedom (y; and ys)
represents the motion of the two sides of an axle of
the machine.

In this model, a bar of specified mass (m),
moment of inertia (J), and length (I) represents the
machine body. The vertical stiffness and damping
of each of the earthmoving machine wheels are
represented by ki, ko, ¢; and c,.

The inputs to this system are the road profile
under each of the two machine wheels (z; and z,).

The simplest model 2DOF that can be used it is
shown in Figure 10.

nt .

Figure 10. 2DOF machine model

A heave type input was created in order to
investigate the response of the system to profiled

road which may be associated with a singular half-
sine, defined by Eq.(8).

Aa%??h} 0<t<T
Z1(t) = (8)
0, t>T

z,(t)=0

For A=0.1 m, v=1.5 m/s, 1=0.4 m Eq.(8)
becomes:

0.1sin(23.5t), 0<t<0.26

Zl(t) = 9)
0, t>0.26

Z,(t)=0

The input created has an amplitude of 0.1
meters and a duration of 0.26 seconds. This input
was applied to both wheels (z; and z;) 1.33 seconds
out of phase so as to excite both heave modes.

A profile of the input for each wheel is shown
in Figure 11.
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Figure 11. Heave input, in [m]

The model parameters representing 2 degree of
freedom are shown in Table 2.

Table 2. Model parameters

Elements Symbol Value
A half of the mass my, M, 2000 kg
of entire machine
Moment of inertia J 1333.3 kgm?
Vertical stiffness kik,  2.5x10° N/m
of two tires
Damping of two tires €1 C2 500 Ns/m
Distance between y- 0.51 Im

axis and front/rear tires
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The motion equations for this model are:

Lzn(%"'371)""(1(3/1_21)"‘k2(y2_22):

=G5 —¥,)+c(2, %) o
Ikl Kl B
T(yz—yl)—z(yl—zi)+§(yz—zz)—

cl

=2 )2

(-2~ 5-2)

The differential equations for the machine
model can be described as matrix form:

[M]Y +[CIY +[K]Y =[C]Z+[K]Z (7)
where:

Y is the output vector
T
Y = [yl yz]

[M] — matrix of mass

m m
MT1=
- ")
[C] — damping matrix;
2c, 2c,
[Cl=| cl® ¢l
2 2
[K] - stiffness matrix;
2k, 2k,
[K] = _kllz k,1?
2 2

[Z] — excitation vector
[Z]= [21 Z, ]T

Figure 12 and Figure 13 represent the
response of machine system to excitation of
surface road (amplitude and velocity outputs).

By analysis of the velocity evolution it was
observed that these have shorter domain with
linear behaviour. These represent losses of contact
between the wheel and the ground with roughness
longitudinal profile. Theses phenomenon was
happened even for low values of machine velocity.
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Figure 12. Amplitude of each side of the machine
model
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Figure 13. Vertical velocity of each side of the machine
model
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4. CONCLUSIONS

The upper results show clearly that the contact
between wheel and road and the dynamical
behaviour are depending on the speed and length
of the profile road together. If the speed is little but
the roughness is short, the wheel can have a long
time free movement in gravity field and high
maximal values of the contact forces.

This set of models represents a first
approximation on non-linear behaviour of over
passing at the road irregular surface, with taking
into account both of adherence loosing, and of
direct contact between wheel and road surface.

In the future work, the last model will be
developed through non-linear characteristic low
supposing for tire stiffness, which simulates with
more accuracy the real phenomenon.
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