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2Minin

Abstract. This work shows the modelling of change of such a
controllability indicator as the stabilization time, using the design model of
a vehicle with tires of different stiffness on the front and rear axles. The
influence of the change in the lateral slip resistance coefficient of the front
and rear wheels of the vehicle on the safe speed at which the stabilization
reaction of the vehicle to the steering wheel turn will be aperiodic
monotonic rather than oscillating, is established. The dependences of the
magnitude of the stabilization time on the degree of change in the lateral
slip resistance coefficient of the front and rear wheels, are obtained. The
limiting values of the change in the parameters of the wheels providing the
specified parameters of controllability which ensure acceptable road traffic
safety level, are established. It is established that the maximum impact on
the deterioration of the response of vehicle is exerted by the wheels design.
On the other hand, their geometric dimensions have little to no road traffic
safety impact. Based on the research carried out, it is necessary to conclude
that in order to ensure road traffic safety, it is necessary to stop using the
tires with different designs on different axles of the vehicle. Herewith, the
pressure in the tires of the vehicle must not be less than the values set by
the manufacturer. The results obtained are of interest to employees of
institutions monitoring traffic indicators and technical condition of vehicles
as well as carrying out road accident reviews.

1 Introduction
One of the main indicators of vehicle safety is its ability to move in the direction given by
the driver, called the response of vehicle [1]. The control signal for changing the trajectory
of the vehicle is the steering wheel angle. The consequence of changing the position of the
steering wheel is a change in the driving parameters [2]. At the same time, due to the design
features of the vehicle, the process of changing the driving parameters does not occur
instantly. The process of changing the driving parameters during the transition from one
steady state of motion to another is commonly called a stabilization process. Thus, the
duration of the process of changing the driving parameters is the most convenient way to
assess the response of vehicle, since this parameter has a physical meaning, a measurement
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technique and directly affects the response of vehicle. According to the latest regulatory
documents establishing the maximum time for the duration of the stabilization process, this
value should be no more than 0.3 seconds for vehicles of categories M1, M2 and N1 and
2.0 seconds for vehicles of categories N2, N3 and M3, with lateral accelerations from 2 to 4
m/s2 [3].
Vehicles put into operation are certified on the basis of compliance with the specified
requirements as well. However, official vehicle testing does not imply that vehicles are
fitted with tires of different designs. The following requirements apply to vehicles in
service in terms of tire response†:
• spiked tires, if used, must be fitted to all wheels of the vehicle;
• winter tires, if used, must be fitted to all wheels of the vehicle;
• it is not allowed to install the following tires on one axle of the vehicle
– tires of different dimensions, designs (radial, diagonal, tubed,
tubeless), with different speed categories, bearing capacity indices,
tread patterns, winter and non-winter, new and refurbished, new and
with a deepened tread pattern;
• it is not allowed to use tires refurbished by applying a new tread, on the
front axle of the vehicle;
• repeated retreading of tires with a previously reconstructed tread is not
allowed;
• retreading of tires aged seven years or older is not allowed.
Analysis of these requirements shows that the installation of tires of different
dimensions, designs (radial, diagonal, tubed, tubeless), with different speed categories,
bearing capacity indices, tread patterns, summer and all-season, new and retreaded, new
and with a deepened tire tread pattern is possible on different axles of a vehicle. That is,
the regulatory documents in force allow the installation of wheels with different values of
the lateral slip resistance coefficient on the front and rear tires, which will certainly affect
the response of vehicles. Thus, further development of road transport, including the
improvement of its safety, will undoubtedly be associated with the development of
requirements for the response of tires [4].

2 Research Methods
To determine the degree of influence of the difference in the design of tires installed on the
front and rear axles of the vehicle, a flat single-mass model of the vehicle is used, which,
with its sufficient simplicity, allows obtaining reliable results, the accuracy of which is
sufficient to solve the problem. [5]. In this context, the design model is described by such
structural parameters of the vehicle as mass –M[kg], moment of inertia – J[kg·m2] relative
to the vertical axis passing through its center of gravity, wheelbase value – L [m], distance
(horizontal) from the center of gravity to the front axle – a [m]; distance (horizontal) from
the center of gravity to the rear axle – b [m], ζ1, ζ2 – lateral slip resistance coefficients of the
front and rear axles of the vehicle [rad/N], θ – steering angle [rad]; ω – turning rate of the
vehicle [1/s]; s – Laplace operator; С1 – front wheels cornering power [N/rad]; С2 – rear
wheels cornering power [N/rad]; V – travelling speed of the vehicle [m/s]. To assess the
stability of the vehicle, the following indicators are used:

†

Y = C1 + C 2 - coefficient of

Technical Regulations of the Customs Union on the safety of wheeled vehicles, TR CU 018/2011
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lateral force caused by wheel slip [N/rad]; Y =

1
(aC1 − bC 2 ) - coefficient of lateral
V

force caused by the rotation of a vehicle relative to the vertical axis passing through its
center of gravity [N∙s]; Y = −C1 - coefficient of lateral force caused by steering wheels
[N/rad]; N  = aC1 − bC2 - coefficient of yaw moment caused by the wheel slip
[(N∙m)/rad]; N  =

(

)

1 2
a C1 + b 2 C 2 - coefficient of yaw moment caused by the turning
V

of a vehicle relative to the vertical axis passing through its center of gravity [N∙m∙s];
N = −aC1 - coefficient of yaw moment caused by steering wheels [(N∙m)/rad].

3 Results
The stabilization response of the vehicle to steering wheel rotation can be both aperiodic
monotonous and oscillating [5,6]. Moreover, the stabilization time in the first case is much
less than in the second one. That is, from the point of view of road traffic safety, a process
of the second type should be considered, in which the angular speed of the vehicle is
described by the following equality [5]:

 (t ) = T1 + T4 e

−

B1
t
2

sin ( k t +  k )

(1)

The travelling speed V1, at which the stabilization response will be oscillating, is
determined by the following expression:

V1 =

where

R1

(a C
=−
2

1

R1 − 2 R5
2 R4

(2)

)

− aC1 (aC1 − bC 2 )M
+ b 2 C 2 M + (C1 + C 2 )J z
R4 =
;
MJ z
J z (a + b )C1C 2
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.
Jz

The relative change in the safe speed of the vehicle from the relative change in the
stiffness of the front and rear wheels of the vehicle obtained by solving equation 2, is
shown in Figure 1.
According to experimental data, the amount of slip of modern wheels is in the range of
values from 15…40 [kN/rad] for light vehicles to 60…120 [kN/rad] for motor trucks
(according to the data specified in work [7]). That is, the real value of the change in the
parameters of the lateral slip resistance coefficient of the wheels, depending on their design,
can change by 1.5 - 1.7 times, which results in the change of the safe speed of the vehicle
by 20-30%. A change in the lateral stiffness of the front axle in a wide range does not
significantly affect the change in the duration of the stabilization process. At the same time,
its value in the entire range of variation of the lateral slip resistance coefficient of axle, both
upward and downward, is more than 0.3 seconds, which indicates an existing problem with
ensuring the response of vehicle. The change in the lateral slip resistance coefficient of the
rear axle most significantly affects the duration of the stabilization time, and when it
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Relative change in the safe speed

increases by 10% relative to the initial value, a significant improvement in the response is
observed. Thus, the lateral drift of the front axle in the studied range has a much smaller
effect on the vehicle's handling than that of the rear axle. Reducing the stiffness of the rear
axle results in a sharp increase in the stabilization time.

Relative change in the lateral slip resistance coefficient
Fig. 1. Relative change in the safe speed of a fully loaded vehicle from the relative change in the
lateral slip resistance coefficient of the front and rear wheels of the vehicle; 1- for front axle wheels; 2
– for rear axle wheels

When the stabilization process proceeds according to the harmonic law, the following
direct quality assessments [8,9] are of great practical interest: stabilization time or
regulation time (tрег); override σ, which is numerically equal to the following equation in
percentage correlation:

=

 max −  ус
 100% ;
 ус

number of oscillations during the

stabilization process n.
To determine the time of the stabilization process, it is necessary to take into account
that with t  t рег the following condition is satisfied:

 (t ) −  ус   .

The value ∆ is

taken as 10% of the steady angular rate of rotation of the vehicle, which is equal
to:  =

1
1
1
 ус = T1 or to:
Е1 depending on the nature of the process. Taking into
10
10 ,
10

account these refinements, calculations are made of the value of the time of the stabilization
process at various values of V and invariant М and θус. In a graphical form, the dependence
of the stabilization time for a rear-wheel drive motor truck of category N1 on the relative
change in the lateral slip resistance coefficient is shown in Figures 2 and 3.
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Relative change in the lateral slip resistance coefficient

Stabilization time, s

Fig. 2. Change in the stabilization time from the relative change in the lateral slip resistance
coefficient of the front and rear wheels of the vehicle with a speed of 10 m/s; 1 – for front axle
wheels; 2 – for rear axle wheels

Relative change in the lateral slip resistance coefficient
Fig. 3. Change in the stabilization time from the relative change in the lateral slip resistance
coefficient of the front and rear wheels of the vehicle with a speed of 20 m/s; 1 – for front axle
wheels; 2 – for rear axle wheels

Summarizing the results obtained, it is possible conclude that the installation of wheels
with increased lateral rigidity on the front axle is unacceptable from the point of view of
safety. At the same time, a decrease in stiffness, having a positive effect on the response of
vehicle in terms of the stabilization time, reduces the value of the speed at which the
turning process begins to be oscillating. On the contrary, an increase in rear axle wheel
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stiffness by 30% can ensure normal response of the vehicle at full weight, and it increases
the vehicle’s safe corner entry speed.
According to the formula applied by A.Sh. Khusainov [10], the value of the lateral slip
resistance coefficient can be determined from the following equation:

C = −780Bк (d + 2Bк )( рш + 98)
where Вк – tire width in meters, d –diameter at rim seat in meters, and рш – tire pressure in
kPa. Solving this equation, it can be noted that when the pressure in the tire drops by 0.3
atmospheres (30 kPa), the value of the relative change in the lateral slip resistance
coefficient will change by no more than 10%, and the duration of the transient process will
change by no more than 0.2 seconds. The results obtained were verified during field tests of
vehicles manufactured by the Gorky Automobile Plant [11].

4 Discussion and Conclusion
The results obtained indicate that in order to ensure normal response of vehicle, the tire
pressure should not be less than the value set by the manufacturer. The operational width of
the wheels and their diameter at rim seat, allowed by manufacturers, have a less significant
effect on the response of vehicle. Thus, a 5% reduction in the wheel profile width (which is
permissible from the manufacturer's point of view) leads to a change in the lateral slip
resistance coefficient by no more than 3%, and the stabilization time will change by no
more than 0.05 seconds. Therefore, tires of the same design, but with a different diameter at
rim seat and profile width, can be used on the front and rear axles of the vehicle.
On the contrary, it should be noted that tires of different designs, but of the same
standard size, could have a difference in the value of the relative change in the lateral slip
resistance coefficient equal to 30% [7]. Such a spread in the tire stiffness values can lead to
a decrease in safe driving speed by 90%, and in the stabilization time – up to 2 seconds,
which is unacceptable from the point of view of the response of vehicle. Since the value of
the lateral slip resistance coefficient is not indicated by the manufacturers of tires, and its
values are obtained experimentally, it is necessary to stop using tires with different designs
on different axles of the vehicle to ensure road safety. The results obtained will not only
improve road traffic safety, especially when vehicles move at speeds above 40 km/h, but
also increase fuel efficiency [12].
The results of the given study have been obtained with the financial support of the Grant of the
President of the Russian Federation No. MD-226.2020.8.
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