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Resume

In this paper the selected results concerning the analysis of the phenomena
occurring between the road and the wheels of a motor vehicle have been
presented. The analysis was prepared for the simulation of the acceleration
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maneuver with the 100% (full) throttle along the road with various

conditions. The aim of this paper was to analyze whether both the full
throttle and the road conditions may affect the forces occurring in the
contact area between the wheels of the vehicle and the road, regarding the
road conditions and the rear wheel drive of the analyzed vehicle’s model.
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1 Introduction

Acceleration is one of the most common maneuvers
in the road traffic. However, if the acceleration pedal is
switched to the maximum and the throttle is fully open,
then various phenomena can occur, especially in the case
of wheel-road cooperation. The ability of a motor vehicle
to accelerate is essential, however, depending on the
road conditions, may not be fully developed, especially
when there are random irregularities on the road and
theoretically safe motion of the vehicles may be affected.
Multiple researches on motor vehicle dynamics has been
a subject of many works, also related to acceleration,
e.g. [1] or [2].

The aim of this paper was to present the selected
results concerning the wheels-road cooperation during
the simulation of motor vehicle’s acceleration along with
the potential influence of the road irregularities. The
motion of the given vehicle’s model was disturbed not
only by including the randomly uneven road surface,
but also through the full throttle during the whole
maneuver which, as it will be presented, may have
caused the additional phenomena affecting the straight-
line motion as well as the vertical reaction forces of the
road acting on the vehicle’s wheels. It is also necessary
to examine whether both the road conditions and the
rear wheel drive may affect the forces in the contact area
between the wheels and the road. The vehicle’s model
was laden according to the assumptions section and the
simulations have been prepared with the use of MSC
Adams/Car.

The technical significance of research presented

in this paper is based on the understanding of the
phenomena between the wheels and the road as well as
if the random irregularities can limit the acceleration
of a vehicle and to what extent, causing increase in
fuel consumption and suspension fatigue at the same
time. It seems necessary to upgrade both the vehicle
construction and the road infrastructure to optimize
the traffic flow, regardless of the traffic control. Uneven
roads can decrease the road safety as well, so such
a research seems to be a part of the broader scope
devoted to the road traffic safety.

However, research on the vehicles’ motion does not
consider only the straightforward motion, accelerating
or braking. The scope of here presented considerations
reached beyond the ordinary acceleration and focused
mainly on the mechanical aspects of the contact between
the wheels and the road.

Among other works, related to the phenomena
between the road and the wheels, [3] can be presented
as an example of using them for weighing the vehicles.
Another example is [4], which presents the considerations
on the maintenance features of the anti-skid properties
of tires. Some other problems related to wheel - road
phenomena have been presented in such works as [5-12].

As for the road irregularities, which can have an
influence on motor vehicle dynamics, the work [13]
presents the considerations on an index specifying
the roughness of a road, the so-called International
Roughness Index (IRI), which has been used e.g. as
a factor determining the vibrations of a whole vehicle’s
body. To estimate the road roughness, the measurement
of vehicle’s acceleration was used in [14]. Other aspects
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Figure 1 The vehicle’s model used in simulations and location of the “origo” point [based on MSC Adams/Car]

in this area consider vibrations caused by the road
irregularities [1], the contact between the wheels and
the road in the case of a randomly uneven surface
[15] and the impact of a wheel on a road border [16].
Another interesting approach may be considerations on
aerodynamics of the wheels of a motor vehicle [17].

Research on vehicle dynamics relates not only motor
vehicles. For example, in [18] the selected analyses on
the rail wheel - track phenomena have been considered.

Research presented in this paper is based on the
computer simulations, which have been the tools for
many other works, as well, such as [19] or [20].

Considerations on the tire-road phenomena are
a part of the research dynamics of motor vehicles, e.g.
regarding acceleration [2], dynamics in general ([8], [21-
26]), vehicle motion on the icy road [27] or the so-called
low friction road [28]. The use of ABS in simulations
was considered in [29] and the friction coefficient was
estimated, among others in [30-33]. In general, the
friction between the wheels and the road has been
considered, e.g. in [9-10], [12], [34-36].

2 Assumptions for the adopted maneuver

In the presented considerations a double seater
vehicle’s model has been used (Figure 1) to perform the
necessary simulations in Adams/Car. This model has
previously been used by the author in [20], however, for
different purposes and different maneuvers. The general
assumptions regarded the increase in the mass of the
vehicle’s body (and the whole vehicle at the same time
- Table 1) by adding the masses representing a driver,
a passenger and a baggage. These additional masses
were located in the vehicle’s body in such a way that the
resulting mass-inertia parameters have been altered
(Table 1). New coordinates of the center of mass before
and after the loading were calculated by Adams/Car in
relation to the so-called “origo” point (Figure 1), which,
as described e.g. in [11], is a point moving with the

vehicle but placed on the road surface. Similarly, new
moments of inertia and new moments of deviation were
calculated in relation to the axes intersecting the “origo”
and presented in Table 1.

The results presented in Table 1 show that the
adopted loading of the vehicle affected mainly the
moments of inertia in relation to the x and y axes as
well as the deviation moment versus the x and z axes of
the vehicle’s coordinate system attached to the so-called
“origo” point, i.e. the origin of a system attached to the
ground but moving along with the vehicle during the
simulations. The moments of inertia and deviation were
determined by Adams/Car and presented only to prove
that the inertia parameters of a laden passenger vehicle
do not alter significantly in relation to the unladen
vehicle.

If those parameters were determined versus the
center of mass of the vehicle’s body, then they would be
useless for further analysis because the location of the
center of mass was altered after the loading and the
remaining parameters (the moments of inertia) would
be determined in relation to the altered axes (not the
original ones).

The vehicle’s double seater model used in this
example had the FTIRE (flexible) tires because it had
to move along randomly uneven road where the length
of a single irregularity can be smaller than the length
of the contact plane between the wheel and a road. The
springs of the MacPherson column was linear and the
dampers non-linear. The vehicle’s body was assumed
rigid in order to provide the analysis of the vehicle’s
model as a multibody without deformations considered.

The simulations have been performed for various
road conditions. The initial speed was assumed at 20
km-h' and in Table 2 the configurations for regarding the
weather (dry or icy surface), the maximum amplitudes
of road irregularities (intensity) and the difference or
similarity between the road profiles for the left and
the right wheels (corrl) have been presented. It can be
expected that the most difficult conditions of motion
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Table 1 Mass - inertia parameters of the unladen simulated vehicle model

Unladen vehicle

Laden vehicle

. whole . whole
vehicle’s body . vehicle’s body .
vehicle vehicle
mass 995kg 1528kg 1153kg 1686kg
center of mass location relative to the ,origo” x,=15m, x,=175m, x, = 1.508m, x,=1.73m,
y,=0, y,=-0.0014m, y,=0.012m, y,=-0.007m,
z,=0.45m z,=0.43m z,=0.452m z,=0.435m
moment f’f inertia (.Ix) 5elat1ve to the axis 401 kgm? 583 kgm? 436 kgm? 618 kgm?
intersecting the ,origo
moment f’f inertia (.Iy) ,I:elatlve to the axis 9940 kgm? 6129 kgm? 3361 kgm? 6550 kgm?
intersecting the ,origo
moment gf inertia ({Z) ’I:elatlve to the axis 9838 kg-m? 6022 kgm? 3995 kgm? 6409 kgm?
intersecting the ,origo
moment 9f dev1at101} (I,;y) versus the axes 0 1.9 kgm? 9.15 kgm? 1.95 kgm?
intersecting the ,origo
moment f’f dev1at101} ({7”) versus the axes 671 kg-m? 1160 kg-m? 787 kg-m? 1276 kg-m?
intersecting the ,origo
moment f’f dev1atlop ({ ,) versus the axes 0 13 kgm? 0.64 kg-m? 051 kgm?
intersecting the ,origo
Table 2 The configurations of the road conditions adopted for the simulations
Road Road condition Intensity corrl Initial V [km-h]

conf 1 flat dry - - 20

conf 2 flat icy - - 20

conf 3 uneven dry 0.5 0.2 20

conf 4 uneven icy 0.5 0.2 20

conf 5 uneven dry 1.0 0.2 20

conf 6 uneven icy 1.0 0.2 20

conf 7 uneven dry 15 0.2 20

conf 8 uneven icy 15 0.2 20

would be for the configurations 7 and 8 (dry and icy
road with the highest of the adopted amplitudes of the
irregularities). It is also worth remembering that the
road was randomly uneven in each case except for the
configurations 1 and 2. The icy road means that the
coefficient of adhesion of the road surface has been
established at 0.3.

Although some works indicate that this coefficient
is up to 0.2 for the ideally flat road (e.g. [23-25], [29]),
for example in [36] it has been stated that during
the braking this coefficient can vary from 0.2 to 0.4,
depending on the air temperature. However, taking into
consideration that the assumed road surface is randomly
uneven and the ice is not perfectly flat and glassy, the
coefficient of adhesion for this work can be assumed
at 0.3. No assumptions were made for the tire models
though. The coefficient of adhesion used in modeling
the phenomena between the tire and a road has been
thoroughly examined over the years. The assumed
values reflect the average road conditions, which means
that the value of this coefficient is 0.8 for a dry and 0.3
for an icy road. It is like the coefficient of friction in the
friction theory, but it is usually specified with use of
some additional factors, such as dirt on the road.

The acceleration maneuver has been performed
with the initial speed of 20 km-h*. However, the vehicle
started accelerating after the first 2 s. The full throttle
was achieved after 0.5 s as if the driver had only a short
period to increase the speed. The full simulation time for
each of the configurations, presented in Table 2, was 10
s. Configurations in Table 2 were named as “conf” plus
the respective number.

In order to provide the reality of the road conditions,
which act as a disturbance to the vehicle’s motion,
two parameters have been included: intensity and
a coefficient specifying the similarity of the road profiles
for the left and the right wheels (cor ). Values of both of
these parameters have been presented in Table 2 for the
adopted configurations. For the presented example, the
corrl coefficient was assumed at 0.2, which means that
the profiles for the left and the right wheels were almost
different, which made the maneuver more realistic.

Since intensity specifies the maximum amplitude
of the road irregularities when a randomly uneven
road profile is considered, it seems worth presenting
it graphically. Assuming that the wheel does not lose
contact with the road one can obtain the road profiles.
In the presented case these profiles have been obtained
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for the selected road section between the 20-th and 95-th
meter and for the specific intensity of the irregularities.
The reason for selecting only a piece of a covered
distance is that not every configuration allowed selection
longer section of the road. Such profiles can be measured
in real conditions, e.g. by profilometers.

Intensity is used specifically in MSC/Adams Car
as a coefficient determining the amplitudes of road
irregularities. In the previous research by the author
the maximum value of the intensity was adopted at 1.
It is not specified how MSC/Adams relates the intensity
to the road profile, although in several tutorials it has
been stressed that the road profiles are in accordance
with the ISO standards. One of the aims of this paper
was to examine whether the greater intensity would
produce the more uneven road profile. That is why this

coefficient was increased to 1.5 in order to provide even
more irregular road.

As for the intensity, its values have been adopted
at 0.5, 1 and 1.5. For the intensity = 0.5 the maximum
amplitudes of the irregularities reached as much as
0.021m (Figure 2). On the right-hand part of this figure
the power spectral density (psd) of this profile has been
determined with the maximum value reaching up to 1.5
for the reciprocal of the wavelength close to 0.1.

For the intensity = 1 the maximum amplitudes
of the irregularities amounted to 0.034m (Figure 3).
In addition, here the psd of this profile has been
determined and its maximum value reached up to 4 but
for reciprocal of the wavelength about 1.8, which means
that the irregularities having the wavelength about
0.56 m could have affected the vehicle’s motion at most.
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Figure 2 Road profile for the selected road section between the 20-th and 95-th meter
at the intensity=0.5 and the power spectral density of these irregularities
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Figure 4 Road profile for the selected road section between the 20-th and 95-th meter
at the intensity=1.5 and the power spectral density of these irregularities
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Figure 5 Longitudinal velocity change due to decreasing the speed for configurations 1 to 4

When it comes to the intensity = 1.5, the maximum
values reached up to 0.054m (Figure 4). The higher
amplitudes produced more interesting psd as well,
because the greatest values of the psd for this road
profile amounted to approximately 6.5 for the reciprocal
of the wavelength equal to approx. 2. This means that
the irregularities having the wavelength of approx. 0.5
could have affected the motion along such a road profile.

It also seems important to mention that the discussed
maneuver has been performed with the steering set to
maintain the straightforward direction. However, one
of the aims of this paper was to examine whether the
acting disturbances of motion would cause the vehicle
to deviate from the potential straightforward direction.

3 Analysis of the selected results

The first set of results can be related to the braking
nature of a randomly uneven road. In Figures 5 and 6
the longitudinal velocity versus the covered distance has
been presented for each of the configurations in Table 2.

As expected, the higher amplitudes of irregularities,
the lesser increase in the longitudinal velocity has been
observed. In Figure 5 the results for configurations 1 to
4 have been presented. In the case of the motion along
the flat and dry road (conf 1) the maximum velocity
amounted to about 35 m's! at the full throttle and
the distance was over 170m. In the case of conf 2 (flat
and icy road) the distance was about 85m shorter and
the velocity reached as much as about 14 m-'s?'. The
motion along the uneven road with the intensity 0.5 was
characterized by achieving the 135m distance with the
maximum velocity about 27 m's? for the conf 3. Results
for the configuration 4 were the same as for configuration
2. This shows that the randomly uneven road may have
a braking nature despite moving at the full throttle. Of

course, the icy road provides the additional slip between
the road and the wheels, which may affect developing
the proper velocity as the wheels rotate faster than when
moving straight or slide perpendicularly to the direction
of motion.

In Figure 6 the results for configurations 5 to 8
have been presented. In the case of the motion along
the uneven and dry road (conf 5, intensity 1.0) the
maximum velocity was about 21 m-s? at the full throttle
and the vehicle covered almost 120 m of the distance. In
the case of conf 6 (uneven and icy road, intensity 1.0)
the distance was for about 30 m shorter and the velocity
reached as much as about 13 m's’. The motion along the
uneven road with the intensity 1.5 was characterized
by achieving about 95m distance with the maximum
velocity about 17 m's' for the configuration 7. The
configuration 8 produced similar results as configuration
6, which shows that the randomly uneven road with
higher amplitudes of the irregularities had even greater
influence on both the velocity and the distance.

The possible lateral motion of the vehicle’s model
in the considered situation can be analyzed based on
Figures 7 and 8 where the lateral acceleration has
been presented in relation to the covered distance. In
addition, here the separate configurations show how
the random irregularities along with the dry or icy
road surface caused the vehicle to develop the lateral
acceleration forcing the vehicle to deviate from the
desired straight-line motion (provided no straight-line
control is included) as well as ride on the shorter
distance than in the case of moving on a dry and flat
road (configuration 1, Figure 7).

Lateral acceleration measured, e.g. by
accelerometers, can be a factor determining whether
a vehicle is subjected to the less or greater lateral
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Figure 6 Longitudinal velocity change due to decreasing the speed on an icy road (configurations 5 to 8)
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Figure 7 Lateral acceleration versus the covered distance for configurations 1 to 4
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Figure 8 Lateral acceleration versus the covered distance for configurations 5 to 8

phenomena and there is a possibility of a lateral slip
between the wheels and the road.

What is interesting is that for the vehicle moving
on a flat and randomly uneven road, dry in both cases
(configurations 1 and 3, Figure 7) one can observe
that the randomly uneven road caused the vehicle to
accelerate laterally versus the direction of motion. The
amplitudes of this acceleration were higher than for the
icy road.

In the case of a motion on a randomly uneven road
with the intensity 1.0 and 1.5 (random profiles) the main
observation is that the greater intensity of irregularities
the greater amplitudes of the lateral acceleration. This
can prove that the random irregularities can cause the
vehicle do deviate from the straightforward motion and
force a driver to perform more reactive driving than
in the case of the flat road motion, regardless of the
amplitudes of irregularities.

Based on the obtained results, the further part of

the presented analysis is concerned with the maximum
absolute values of the reaction forces occurring in the
contact area between the wheels and the road. This
has been presented in Tables 3 to 10 for each of the
adopted configurations. In these Tables F,  means
the maximum longitudinal reaction force parallel to the
direction of motion, F, isthe maximum lateral reaction
force and I, _is the maximum vertical one. These forces
have been determined for each of the vehicle’s wheels
(LF - left and front, RF - right and front, LR - left and
rear, RR - right and rear). This has been done with the
use of the two simple equations. Equation (1) specifies an
indicator useful to determine the coefficient of adhesion
in equation (2), which has been calculated for the
maximum values of the obtained reaction forces. This
showed the conditions of a maximum adhesion between
the wheels and the road. Of course, this coefficient of
adhesion gave an information of the phenomena between
the road and the wheels for the road surface assumed
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Table 3 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 1

Left wheel Right wheel
LF RF
Fma [N Ymax V) F e [N Ftma [N Yonax V) zmax [N]
max 166.08 365.03 3874.66 167.57 634.3 3946.36
min -22.71 -604.31 2630.67 -19.57 -341.95 2705.72
w - - 626.72 - - 656.06
i - - 0.16 - - 0.17
LR RR
Fy.. [IN] e V] F, .. IN] Fy... [N] e LN e [V
max 691.56 -717.65 5564.94 678.17 2003.81 5653.86
min -5289.13 -2010.29 4432.78 -5400.4 672.27 4508
W - - 5658.28 - - 5760.17
L - - 1.01 - - 1.02
Table 4 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 2
Left wheel Right wheel
LF RF
ey [N ymas [N max [N mas [N Fye [N max [NJ
max 317.05 -38.05 3734.42 325.09 488.95 3827.46
min -167.93 -481.68 2711.06 -171.59 37.76 2795
w - - 576.66 - - 587.16
u - - 0.15 - - 0.15
LR RR
Fmax [N Yanax [NV zmax [N Fnax [N Py max [N] F e [N
max 2963.41 256.47 5783.71 3121.27 1148.62 5856.73
min -3357.03 -1060.93 4199.22 -3434.92 -267.84 4295.07
w - - 3520.68 - - 3621.88
i - - 0.61 - - 0.62

to be clean, i.e. without any dust, dirt or other remains,
such as leaves, grass, mud, etc.:

W - V F%(mzlx + F%’max ) (1)

where: W - the indicator (resultant force) used, e.g. in
[18] and [27]
and:

__w
ﬂi FZmax, (2)

where: u - the coefficient of adhesion between the wheels
and the road.

The obtained results are now considered for the
purpose of verifying their correctness. In Table 3 the
maximum reaction forces between the wheel and
the road have been presented. Based on that, the W
indicator, as well as the adhesion coefficient (u), have
been determined for the configuration 1. It is necessary
to mention that the amplitudes of the obtained forces
reflect the condition of the greatest adhesion and so
these forces would provide the so-called ellipses of the

adhesion, i.e. the ellipses marking the maximum value
of the indicator W, which, according to Equation (1), is
the resultant of the tangential reaction forces F,, and F,
in the contact plane between the road and the wheels.

Based on that and the Equation (2), it is necessary
to notice that values of the determined coefficient of
adhesion (u) indicate that during the acceleration the
front wheels had almost no adhesion while the rear
wheels developed the full adhesion (about 1.0), which
seems reasonable, provided that the vehicle has a rear
drive and the engine located at the back.

In Tables 3 - 10 senses of are presented in accordance
with the global coordinate system in Adams/Car. The F,
component is positive when its sense is pointed to the
back of the vehicle. It is correct since, according to the
road wheel dynamics, the longitudinal component of
the contact force is pointing in the same direction as
velocity. Hence, e.g. in Table 3, the negative values of
the F, forces mean that they have the same senses as
the direction of velocity. The F, components have their
positive senses pointing to the right of the vehicle and
the F, components are positive when directed vertically
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Table 5 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 3

Left wheel Right wheel
LF RF
Fma [N Ymax V) F e [N Ftma [N Yonax V) zmax [N]
max 995.51 723.65 4816.76 1051.4 452.45 5134.61
min -767.74 -475.78 602.01 -914.4 -255.02 760.4
w - - 1230.74 - - 1144.62
i - - 0.26 - - 0.22
LR RR
Fy... [IN] e LN F, .. IN] Fy...[N] Ve LN F,. ..[INI
max 2390.02 341.82 7615.85 1651.12 1223.14 7636.4
min -7141.09 -1296.05 3012.64 -6474.63 -402.63 3220.96
W - - 725175 - - 6589.15
u - - 0.95 - - 0.86
Table 6 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 4
Left wheel Right wheel
LF RF
Fma [N Yo V) F e [N Ftma [N Yonax V) zmax [N]
max 867.39 254.12 5413.73 840.36 514.98 5653.29
min -690.17 -565 1481.34 -651.71 -104.52 642.3
w - - 1035.18 - - 985.6
L - - 0.19 - - 0.17
LR RR
Fy.. [IN] i F, ..IN] Fy... [IN] Ve LN F,. ..[INI
max 2917.02 223.63 7009.33 2872.39 1157.3 7624
min -3156.29 -1000.58 2207.86 -3440.19 -283.13 2865.31
w - - 3311.09 - - 3629.63
L - - 0.47 - - 0.48

upwards, which indicates that they are the reaction
forces of the road on the wheels.

The components of the contact forces were measured
by Adams/Car during each simulation. The measurement
method is based on the virtual sensors located at various
points of the vehicle’s model. Hence, the maximum
absolute values of these forces have been determined by
the internal measuring system of Adams/Car.

Similarities could be concluded from the results
obtained for configuration 2 (Table 4) with the only
difference in values of the coefficient of adhesion for the
rear wheels, which were a lot lower that in the case of
a dry road (about 0.6). One should remember that the
motion in the case of configuration 2 occurred along the
icy and flat road. As for the front wheel, the adhesion
coefficient was 0.15 for both wheels, which was only a bit
less than in the case of configuration 1.

In Tables 5 and 6 the results for the motion along
a randomly uneven road with the intensity 0.5 have
been presented (configurations 3 and 4, respectively).
Interestingly, the motion along the dry and randomly
uneven road increased the adhesion coefficient for the

front wheels and decreased it for the rear wheels, which
does not seem unreasonable because the irregularities of
the road may have affected the shape of the contact area
between the wheels and the road. This observation can
be made in relation to configuration 1, as well.

As for the motion on the randomly uneven and icy
road (configuration 4), similar observation can be made
in relation to configuration 2. In addition, here the
values of the coefficient of adhesion increased a little on
the front wheels and decreased significantly (to about
0.47) on the rear wheels.

The next set of results (Tables 7 and 8, configurations
5 and 6 respectively) showed the same tendency in
changes of the coefficient of adhesion. Comparing Table
7 with the previous configurations (Tables 3 and 5) one
can observe that the discussed coefficient was about
0.25 for the front wheels but varied as in the case
of configuration 3, which may be a result of almost
different road profiles adopted in simulations.

In Table 8 the value of the coefficient of adhesion
increased a little on the front wheels but dropped
significantly to 0.37 even though the road conditions

VOLUME 24

COMMUNICATIONS 2/2022



B144

ZALEWSKI

Table 7 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 5

Left wheel Right wheel
LF RF
Fy. [N Vo IV F,...IN] Fyo NI i F,..[NI
max 1470 768 6700 1430.18 597.07 6868
min -1040 -555 -903 -1040.78 -263.67 -1142.13
W - - 1658.53 - - 1549.8
i - - 0.25 - - 0.23
LR RR
Fnax [N] Fya [N F e [N Fmax [N B max [N F o [N]
max 2020.85 454.97 8935.27 1431.57 1146.32 9400
min -5761.58 -1135.63 974.61 -7167.79 -368.95 1422.89
w - - 5872.43 - - 7258.87
u - - 0.66 - - 0.77
Table 8 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 6
Left wheel Right wheel
LF RF
F o [N Yonax [V F e [N F e [N Yoo [V 2max [N
max 1151.32 274.8 6703.52 1244 562.24 7218.32
min -795.15 -677.93 -52.36 -803.24 -282.38 -836.12
w - - 1336.08 - - 1365.14
U - - 0.2 - - 0.19
LR RR
Fnax [N Yamax [V F e [N Fmax [N Yonax V) zmax [N
max 2534.82 210.04 8560.18 2589.23 1036.44 8487.15
min -3012.9 -1051.38 46.2 -2927.14 -205.27 92.08
W - - 3191.07 - - 3105.21
u - - 0.37 - - 0.37
Table 9 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 7
Left wheel Right wheel
LF RF
P [N] Fyp IN] e IN] e IN] P [N] e NI
max 1708.59 672.7 7734.13 2062.91 862.01 7878.1
min -1109.6 -848.5 -1036.14 -1142.47 -642.7 -1248.35
w - - 1907.7 - - 2235.8
i - - 0.25 - - 0.28
LR RR
Fnax [N Yanax V] F e [N Fmax [N] Yonax V) F o [N]
max 3363.75 439.21 10251.4 3470.2 1149.82 10013.7
min -8049.54 -1408.92 -178.43 -9764.48 -525.67 -234.52
W - - 8171.91 - - 9831.95
u - - 0.8 - - 0.98

changed only in a matter of the irregularities. The
intensity adopted at 1.0 caused the coefficient on the
driven wheels to drop significantly, which proves that
the more uneven road, the harder for the driven wheels
to maintain the adhesion.

The last set of results concerned the harshest
road conditions with the intensity of the road adopted

at 1.5. Interestingly, on a dry road the coefficient of
adhesion increased its value up to 0.8 on the left and
0.98 on the right wheel. It seems strange that the
greatest amplitudes caused the driven (rear) wheels to
adhere more than in the case of the lower irregularities
(intensity 1.0). This coefficient for the front wheels
remained at the same level as before.
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Table 10 The reaction forces of the road on the wheels along with the coefficient of adhesion for the configuration 8

Left wheel Right wheel
LF RF
Fy. [N i F, ..IN] Fy.. [N i e LV
max 1629.48 569.01 7679.95 1822.09 722.8 7863.34
min -955.57 -717.01 -771.3 -969.11 -456.16 -1096.48
w - - 1780.26 - - 1960.21
u - - 0.23 - - 0.25
LR RR
Fmax [N e [N] F e [N] Fmax [N F o [N F e [N]
max 2044.37 298.9 10318.8 2039.18 1062.44 11779.8
min -3678.81 -1111.65 -566.79 -3525.51 -364.61 -349.21
w - - 3843.1 - - 3682.12
u - - 0.37 - - 0.31

However, in the case of the motion along the
randomly uneven and icy road with the intensity of
irregularities adopted at 1.5 (Table 10) the scenario
from Table 8 repeated. The coefficient of adhesion for
the front wheels was as low as before and on the rear
wheels it decreased to 0.37 on the left and 0.31 on the
right wheel. In this case the shorter distance obtained
for configurations 4, 6 and 8 (Figures 5 and 6) should
not be any surprise as these configurations caused the
least adhesion.

It should also be remembered that the absolute
values were used to calculate the coefficient of adhesion
(equation (2)) as its value varies between 0 and 1.

4 Conclusions

From the presented results it can be concluded that
the lateral phenomena, presented mainly through the
lateral acceleration, can be strengthened on a randomly
uneven road, especially when the surface is covered
with ice.
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