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1. Introduction

Abstract

The paper aimed to identify the effect of changes in tyre pressure values
and the influence of wheel size on the shock absorber damping
coefficient (EUSAMA coefficient) using 20 passenger cars with SUV
bodies. Eleven levels of tyre pressure from 0.10 to 0.30 MPa at 0.02 MPa
at its step value equal to 0.02 MPa were used. The component's
behaviour was followed through the Digital Image Correlating system
PONTOS 5M and measurement markers cemented on a rim, tyre and
body. Thanks to this, it was possible to identify the effect of tyre pressure
on tyre deformation in a 3D coordinate system and on the vehicle's
operating parameters. It was possible to conclude that there is a
significant relationship between the values of the shock absorber
damping coefficient and the tyre pressure. Moreover, these changes were
also dependent on the tyre size. The Eusama coefficient values ranged
from about 90% to 60%. At each used pressure value, there were clear
differences between the components’ behaviour at the region located in
the lower and upper part of the tire, as well as between the position of
the points in the front and rear part of the tyre concerning the axis of
rotation of the wheel. Changes in tyre pressure values on an actual linear
vehicle speed value were also covered at the wheel pressure values
employed

Keywords
vehicle, tyre pressure, shock absorber, EUSAMA coefficient, Digital
Image Correlation, diagnostics

During operation, vehicles are subjected to several types of
external loading that lead to forces and moments in their
components. They are also under continuous kinematic and
dynamic excitations with a wide frequency spectrum [1, 2].
Therefore, a vehicle should be considered as a complex
vibrating system with many degrees of freedom. The vibrations
are related to road surface irregularities, road infrastructure

elements, acceleration and braking. They should be damped by
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the vehicle’s suspension system [3—6]. However, some of these
vibrations are transferred to the vehicle body. In addition, the
body is also affected by vibrations resulting from the operation
of the engine and drive system [2]. The main element that
dampens vibrations in the vehicle and reduces their level is
a shock absorber. Appropriate vibration damping is important
because in the opposite case, it can lead to discomfort to

passengers and be harmful to their health [7, 8). Over the years,
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efforts have been made to ensure a higher damping coefficient
of shock absorbers by providing greater and better isolation of
the driver and passengers from road conditions [§—10]. One way
to improve comfort and better isolation from road conditions is
to reduce the frequency and amplitude of vibrations as a result
of the appropriate design and characteristics of shock absorbers
[10-12]. The safety of passengers also depends on the design
and technical condition of the suspension system elements [13].
Furthermore, it is worth emphasising that the parameters of the
suspension system may be reduced during vehicle use, which
may lower vehicle safety. It can be done by changes in values
of vehicle weight and load distribution [14, 15]. Shock
absorbers with a high vibration damping coefficient contribute
to rapid damping of vibrations and, as a result, to improved
driving stability [11].

In addition to the influence of the technical condition and
design parameters of shock absorbers on vehicle handling when
driving on uneven surfaces, they also affect cornering, as well
as the acceleration and braking of vehicles [16]. This is related
to the phenomenon of changing the mass distribution on
individual vehicle wheels. In turn, as a result of changing the
mass distribution on individual wheels, the damping coefficient
of shock absorbers changes. Therefore, during the use of
vehicles, there are continuous changes in the damping
coefficient of shock absorbers. The values of this coefficient
also depend on the values of the tyre pressure and its changes
[17]. Tyre stiffness is closely correlated with the values of the
tyre pressure and affects the values of the shock absorber
damping coefficient [18]. As a result of differences in the
stiffness and elasticity of the suspension system elements, the
driving properties and stability of the vehicle may change [19].
In addition to the vehicle load and tyre pressure, the type of tyres
and the ambient temperature may also affect the parameters of
shock absorbers. In paper [20-22], it was shown that the
ambient temperature and the temperature of the shock absorber
have a significant impact on the values of the damping
coefficient of shock absorbers. During the vehicle operation, the
technical condition of shock absorbers changes. Therefore, the
initial operating parameters of shock absorbers do not ensure
stable vehicle handling under variable loading conditions and
they are dependent on environmental conditions [19, 23]. A high

level of reliability and proper technical condition of all

components contribute to an increase in vehicle and road safety
levels [24, 25]. In this case, one of the main parameters
determining the level of safety is the technical condition and
operating parameters of shock absorbers. When verifying the
technical condition of shock absorbers, setting the nominal
value of the tyre pressure is very important in terms of
measurement results. The results of the paper [26] enabled to
identify that tyre pressure has a significant influence on the
diagnosis of the suspension system, it can highlight faults
affecting the rolling resistance, but it does not have a main role
in the maximum braking force value and the results of the
diagnosis of the braking system on the roller stand.

The tyre pressure value, apart from its influence on the
damping coefficient of shock absorbers, also affects many
vehicle operating parameters such as braking distance for
example. Both too-low and too-high tyre pressure values
relative to the nominal pressure value extend the braking
distance of vehicles [27]. Additionally, the braking distance is
affected by the tyre tread height [28]. The tyre pressure also
follows vehicle handling and passenger comfort. Pressure
changes relative to the nominal values contribute to the
generation of vibrations and vertical accelerations of the
suspension system [29]. Reducing the tyre pressure below the
nominal value lowers the stiffness of the tyres and suspension
system. It also contributes to increased understeering of vehicles
when driving on a curved track and reduced normal wheel loads.
This significantly worsens vehicle control and reduces the level
of safety [30]. Vehicles with too low tyre pressure tend to lose
traction and are more prone to deviating from the driving line
when driving on bends than those with tyre pressure in line with
the nominal values [31]. In papers [32, 33], it was shown that
increasing tyre pressure above the nominal value reduces the
durability of the bituminous surface layer, and contributes to
surface damage and rut formation. With decreasing tyre
pressure, the noise level decreases. However, in addition to tyre
pressure, the noise level is also influenced by tyre size and tyre
compound composition [34]. The authors [35] showed that
increasing driving speed contributes to the deterioration of
vehicle stability and causes increased radial run-out of tyres and
increased lateral tyre roll. Reducing the value of these
parameters and improving vehicle stability can be achieved by

increasing the tyre pressure [35]. Tyre pressure also has
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a significant impact on the fuel consumption value. This applies
to both passenger cars and trucks. The tyre pressure higher value
reduces fuel consumption [36]. This is related to the fact that at
lower tyre pressure values, greater tyre deformation occurs, and
therefore rolling resistance increases [37]. However, it should
be emphasised that the changes in tyre pressure on the value of
rolling resistance are strictly dependent on the type of tyre
because tyres with low rolling resistance are less susceptible to
changes in tyre pressure [38]. In turn, Ejsmont et al. [39]
showed that there is an additional strong effect of tyre
temperature, ambient temperature and road surface temperature
on the value of rolling resistance. Moreover, it was found that
the effect of tyre pressure on the rolling resistance force depends
on the speed of the vehicles. At high speeds, the effect of
pressure on rolling resistance is smaller because the tyres
deform less due to a high value of centrifugal force [40].

During operation, a lowering in wheel pressure values can
occur due to a flat tyre or the leakage of the connection between
the tyre and the rim. It directly reduces road safety because the
tyre tread does not have full contact with the road surface and
the vehicle becomes unstable at driving and braking. Moreover,
for safety reasons, vehicle users should care about wheel
pressure values that align with the manufacturer's
recommendations because this affects the comfort of travel and
limits vehicle nominal driving parameters at a high-speed value.
It is worth noting that wheel pressure changes can reduce the
parameters of the suspension system and contribute to fuel
consumption and exhaust emissions. For this, differences in
wheel rotational speed can also be observed influencing
a driving speed value. This limits the functioning of the ABS,
ESP, etc. systems.

Tab. 1. Details of SUV vehicles.

As it can be noticed, there are several similar papers in
which the Authors analyse the influence of tyre pressure on the
value of the shock absorber damping coefficient. However, they
do not cover these changes depending on different tyre sizes.
Moreover, the effect of tyre size on changes in pressure value
significantly influences the shock absorber damping coefficient
is also not considered. Therefore, this approach follows the
problem. Moreover, efforts at using the DIC method to identify
the size of tyre reaction and the value of the displacement of
measurement points placed on the tyre, rim and body elements
during changes in tyre pressure values are not presented.

For these reasons, two main stages are proposed. The first
one considers the influence of tyre pressure values on the shock
absorber damping coefficient of passenger cars at two different
tyre  sizes. The  second  stage  captures  tyre
displacement/deflection and the movement of rim and body
elements versus tyre pressure values at the digital image

correlation (DIC) approach by PONTOS 5M.
2. Tested objects and experimental procedure

For the experiment, operated and non-operated SUVs (Sport
Utility Vehicle) were employed (Tab. 1). This vehicle type was
selected because it is the most popular category of passenger
cars purchased in Europe. The changes in the shock absorber
damping coefficient were analysed based on the differences in
wheel pressure of twenty SUVs. These included vehicles
equipped with tires of size 235/55 R19 (10 vehicles) and 235/65
R17 (10 vehicles). The tire sizes differed in the height of the
cross-section, which was 129.25 mm and 152.75 mm,

respectively.

SUVs’ technical features

A B
Operated period below 2 months Y5 month
Mileage 1,000 km 50 km
IDimensions 4.6 x 1.9 x1.6 [m] 4.6 x 1.85 x 1.68 [m]
Wheelbase 2.8 m

Suspension type
well as rack and pinion steering

Independent front axle suspension and
independent multi-link rear axle suspension as

Independent front axle suspension in the form
of a McPherson strut, while the rear axle was
equipped with an independent, multi-link
suspension

[Engine type and its volume b0 dm’

Spark-ignition engines with a capacity of about

Spark-ignition internal combustion engine
with a capacity of about 1.5 dm?

The curb weight 1,700 kg

1,650 kg
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SUVs’ technical features

A B
Permissible load capacity 500 kg 450 kg
235/65 R17
Tyres’ size and 235/55 R19
235/55 R19

Concerning the limited region for the test, i.e. vehicle
inspection station, the experimental procedure does not follow
the influence of road conditions, vehicle load, and tyre
composition. It was divided into three stages covering the
vehicles indicated in Tab. 1. This was conducted for the
following changes in the shock absorber damping coefficient
values at different tyre pressure values.

The first approach used the Beissbarth STL7000 diagnostic
line (Fig. 1a) to measure the shock absorber damping coefficient

(EUSAMA coefficient). It was equipped with the Micro-Swing

6200 module for testing the suspension system of passenger cars.

In addition, to measuring the coefficient value, the diagnostic
line also enables the braking efficiency coefficient and the half-
alignment of the wheels to be estimated. The tests were
conducted at the tyre pressure value changes for 0.02 MPa.

During the second approach, the Unimetal 5000 diagnostic
line was used for measuring the EUSAMA coefficient (Fig. 1b)
under the same conditions as the Beissbarth STL7000
diagnostic line was employed.

The frequency of vibration excitation in stations using the
EUSAMA method reaches 25 Hz, and the displacement

amplitude of the measuring plates on which the vehicle stands

was equal to 6 mm. It is worth emphasising that diagnostic lines
based on the EUSAMA method are the only devices approved
for checking the technical state of shock absorbers. This

coefficient is determined from the following relationship:

Weysama = Pd;:in - 100 [%], where: €))

P4 min — minimum dynamic pressure on the measuring plate
during the test;

P, — static pressure on the measuring plate during the test.

Both diagnostic lines were used because the experimental
procedure stages were covered in two different scientific
research units i.e. University of Warmia and Mazury (Olsztyn,
Poland) and Motor Transport Institute (Warsaw, Poland).

The 3D movements of measurement points cemented on the
tyre, rim, and body elements concerning changes in tyre
pressure were followed using the digital image correlation (DIC)
method, Fig. 2. It was delivered in the PONTOS 5M — GOM
device. The system enabled capturing displacement of
components’ values in the 3D coordinate system, creating files,
courses, photos, and movies. Additionally, DIC results have
supported the analysis of differences in the shock absorber’s

damping coefficient as a function of tyre pressure value.

(a)
Fig. 1. A view of the vehicle diagnostic line to measure the EUSAMA coefficient: (a) Beissbarth STL7000, (b) Unimetal 5000.

(b)
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PONTOS 5M

(@)

(b)

Fig. 2. Details of the experiment on an SUV and PONTOS 5M: (a) components, (b) measurement points’ distribution.

The same tyre pressure value changes were used in all the
examined cars at all three stages, Table 2. Measurements began
with a tyre pressure of 0.30 MPa, next, the tyre pressure was

reduced at its step value of 0.02 MPa up to 0.10 MPa, finally.

Tab. 2. Details of tire pressure value.

This tyre pressure change was used for both the front and rear
axles of the vehicles. The nominal tyre pressure value for the

front and rear axles of the cars was equal to 0.24 MPa Table 2.

Tire pressure value [MPa]
Front axle 0.30 0.28 0.26 0.22 0.20 0.18 0.16 0.14 0.12 0.10
Rear axle 0.30 0.28 0.26 0.22 0.20 0.18 0.16 0.14 0.12 0.10

For the work, three types of vehicle speeds were defined.

e The actual linear speed is the speed that results from
the rolling circumference of the wheel at the actual
wheel pressure.

e Calculated linear speed is the speed calculated from
equation (1), taking into account the dynamic radius of
the wheel.

e The speed indicated on the odometer and recorded by
the vehicle's controls is the speed resulting from the
rolling circumference of the wheel at nominal wheel

pressure (0.24 MPa).
3. Results for the EUSAMA coefficient
3.1. Shock absorber damping coefficient in values

The results for changes in the shock absorber damping
coefficient values were analysed depending on the differences
in wheel pressure of twenty SUVs, Fig. 3-Fig. 4. Fig. 3 and Fig.
4 presents the changes in the parameter as a function of the
pressure values of the wheels for a tyre size 235/55 R19 (blue)
and 235/65 R17 (red).

In the case of tyres with a higher profile of 65% (Fig. 3a),
a linear relationship for the shock absorber damping coefficient
can be seen at all pressure values used. At the lowest pressure
value, i.e. 0.10 MPa, the average value of the damping
coefficient was equal to 90%. The value of this coefficient
decreased proportionally, up to a value of 62%. This was
because the lower pressure made the tyre softer, and the
damping coefficient of the shock absorbers had a higher value.

For tyres with a lower profile (55%), the changes in values
of the damping coefficient were not linear. This relationship can
be divided into two regions. In the first one, a linear relationship
can be observed at reducing the wheel pressure from 0.30 MPa
to 0.16 MPa. With a decrease in the pressure, the average value
of the damping coefficient of the shock absorbers increased
proportionally. Then, from this value of the pressure, reducing
it in subsequent stages, the value of the damping coefficient of
the shock absorbers decreased. This was because a low-profile
tyre is significantly stiffener at its low-pressure value, and it
does not absorb vibration, and additionally, it stiffens the

suspension system. Based on the data presented in Fig. 3, it can
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be noticed that the size of the tyre, and in particular its profile, in the coefficient of damping effectiveness of shock absorbers

has a significant influence on the relationship between changes and wheel pressure.
100
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= 80
g
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; 40
s —Tires: 235/65 R17
<
vi 20 —Tires: 235/55 R19
w
0

o1 0,12 0,4 0,16 0,18 0,2 0,22 024 0,26 0,28 0,3
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< 80
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k3
£ 60 /\
Q
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S 40
§ " —Tires: 235/65 R17
2 —Tires: 235/55 R19
0

01 012 0,24 016 018 02 0,22 024 026 028 03
Tyre pressure values [MPa]

(b)
Fig. 3. The EUSAMA coefficient versus the tyre pressure values for: (a) the right-side and (b) left-side front axles at two tyres’
different sizes
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Fig. 4. The EUSAMA coefficient versus the tyre pressure values for; (a) the right-side rear and (b) the left-side rear axles at two

tyres’ different sizes
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Similar changes in the shock absorber damping coefficient
as a function of tyre pressure values of the front left wheel, Fig.
3b but for this case a 235/65 R17 tyre response was not linear
for the pressure range value used. The slight differences in the
changes in the coefficient depending on the pressure values in
the wheels for both front wheels result from the uneven

distribution of mass on the vehicle's front axle, between their

right and left sides.
95
0 Mean
90
2 [ Mean +/- statistical error
85 2 s T Mean +/- standard deviation
&
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= -]
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3.2. Shock absorber damping coefficient in statistic

assessment

It was also determined, that the shock absorber damping
coefficient depends on the tyre size, Fig. 5, Fig. 6. In the case of
the left front wheel, Fig. 5b, significant differences between the
coefficient values depending on the tyre size at the same
pressure values were presented. They were also observed at the
235/55 R19 wheels, while for the 235/65 R17 ones, changes
occurred for the pressure from 0.20 MPa to 0.22 MPa.
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Fig. 5. The EUSAMA coefficient versus the tyre pressure values and tyre type for: (a) right-side front axle, (b) (left-side front axle,
where: HP - high profile tyre (235/65 R17), LP - low profile tyre (235/55 R19).
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Fig. 6. The EUSAMA coefficient versus the tyre pressure values and tyre type for: (a) right-side rear and (b) left-side rear axles,
where: HP - high profile tyre (235/65 R17), LP - low profile tyre (235/55 R19).

This problem is also presented in Fig. 6, which reflects the
statistical assessment for the rear right and rear left wheels. In
the case of the higher and lower profile tyres, important changes
were found between the values of the damping coefficient of the

shock absorbers and the tyre pressure. Changes were also found

between the shock absorber damping coefficient values and the
tyre type.

Comparing (Fig. 7) results and the previous ones, it can be
seen that in this case, there is a clear change in the damping

coefficient at a tyre pressure of 0.16 MPa.
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EUSAMA coefficient [%]
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Fig. 7. EUSAMA coefficient trend versus the tyre pressure right-side front axle for the not-operated SUV.

4. DIC results for the deflection of a tyre for different

values of its pressure

Figure 8a shows the results of digital image correlation (DIC)
measurements at a tyre pressure of 0.28 MPa. This was collected
after reducing the pressure by 0.02 MPa. In the next steps, the
pressure values were also reduced by 0.02 MPa. In those cases,
measurement markers were cemented on the front right fender
and bumper of the car and the tyre rim for covering examined
region behaviour in the 3D coordinate system. Most of them
have followed tyre reactions because this vehicle component is
crucial in road safety. The X-axis displacement has reflected
a vehicle's main axis while the other ones, i.e. Y- and Z-axes,
have captured perpendicular directions for covering its height
and width.

After reducing the pressure from 0.30 MPa to 0.28 MPa (Fig.
8a), very small changes in the displacement of points in the X-
axis direction were observed. The displacement values in the Z-
axis direction were almost two times higher. In the case of the
tyre, most of the inspected sections located in its upper part

(above the wheel hub) moved outside the vehicle, and other

0.28 MPa

Displacements (Vector)

[mm]

0.818

0.660
0.550
0.440
0.330
0.220

0.033

ones located in its lower part (below the wheel hub) moved
inside the vehicle. In the Y-axis direction, i.e. in the vertical axis,
much larger displacements of points were found. Even with
a pressure reduction of 0.02 MPa, displacement values
exceeding 0.81 mm were found. All points moved towards the
road. The highest displacement values occurred in the upper part
of the tyre, while smaller ones were found in the lower part of
the tyre. It was related to the relatively high stiffness of this
235/55 R19 tyre region.

Figure 8b shows the displacement differences during the
wheel pressure value change up to 0.22 MPa. In comparison to
the previous data, significant increases in the displacement
values of the analysed regions were manifested in all directions.
In the case of the tyre, it can be observed that some of the
measurement points moved towards the front of the vehicle and
some towards the rear - this is related to the loss of tyre stiffness.
Similarly, the loss of tyre stiffness is evidenced by the
displacement in the direction of the Z-axis. Most of the points
in the upper part of the tyre moved towards the Z-axis outside
the tyre. On the other hand, most of the points in the lower part

of the tyre moved towards the interior of the vehicle.

Displacements (X-Axis)

[mm]
0.0657

0.0450
0.0300
0.0150
0.0000
-0.0150

-0.0300
-0.0437
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Displacements (Y-Axis) Displacements (Z-Axis)

[mm] [mm]
0.0138 0.140
-0.1000
-0.2000 0.090
-0.3000 060
-0.4000 9:030
-0.5000 0.000
-0.6000 -0.030
-0.7000 -0.060
-0.8110 -0.090
(a)
Displacements (Vector) 0.22 MPa Displacements (X-Axis)
| [mm] [mm]
I2.9o I 0.3601
2.60
™~ 0.2250
2.40 | |
mg 0.1500
2.20
0.0750
2.00
0.0000
1.80
1.60 -0.0750
1.40 -0.1640
Displacements (Z-Axis)
‘ [mm]
0.527
0.360
0.240
0.120
0.000
-0.120
-0.240
-0.370

(b
Fig. 8. Displacement components and their resultant vector in the 3D coordinate system at a tire pressure value of 0.28 MPa (a)
and 0.22 MPa (b)

In the Y-axis direction, the highest displacements were the front and rear parts of the tyre with the wheel rotation axis.
found. The largest range of changes occurred in the upper part Higher displacement values occurred in the front part of the tyre.
of the tyre, above the wheel hub and on the fender. Moreover, This was related to the change in the mass distribution during
in the case of the tyre, not only differences in the displacement the reduction of the pressure in the wheels and, as a result, the
of points were found between the upper and lower parts of the reduction in the vehicle's ground clearance on the front right
tyre, which were influenced by the tyre stiffness. Clear side of the bodywork.

differences in the displacement of points also occurred between

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 28, No. 1, 2026




Displacements (Vector)

0.18 MPa

Displacements (X-Axis)

[mm] [mm]
I5.57 0.697
5.10 0.450
4.80 0.300
e 0.150
%20 0.000
3.90
-0.150
3.36 -0.357
[mm] [mm]
-3.24 1.038
0.750
-3.75
-4.05 0.500
L 0.250
465 0.000
-4.95 -0.250
-5.25 -0.500
-5.56 -0.768
(a)
Displacements (Vector) 0.14 MPa Displacements (X-Axis)
| [mm) [mm]
I8.70 1.077
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(b)
Fig. 9. Displacement components and their resultant vector in the 3D coordinate system at a tyre pressure value of 0.18 MPa (a)
and 0.14 (b)
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The DIC results captured at a tyre pressure of 0.18 MPa are
presented in Fig. 9a. Comparing them with the results at a tyre
pressure of 0.22 MPa (Fig. 8b), it can be concluded that the
changes in the position of the analysed points were the same. In
all axes (X, Y and Z), the displacements of individual points
occurred in the same direction as before, however, the
displacement values were higher. It is possible to distinguish
regions on the tyre with smaller and larger displacement values
, which are the result of the influence of changes in tyre stiffness

and differences in mass distribution as a result of reducing the

body clearance, together with lowering the pressure in the wheel.

Figure 9b compares the positions of the measurement
regions on the tyre, fender, rim and bumper for a wheel pressure
of 0.14 MPa. Analysing the displacements at a wheel pressure
of 0.14 MPa, it can be noticed that in comparison with the
previous results, the displacement feature has not changed in
this case either. There are significant increases in the
displacement value of measurement individual points resulting
from an even greater reduction in wheel pressure. In the Z-axis
direction, the points moved by a maximum of 1.64 mm. The
points located on the mudguard moved outwards. Similarly,
most of the points located in the upper part of the tyre, above
the wheel hub, moved outwards. On the other hand, many points
in the lower part of the tyre moved inwards.

There was a clear collapse of the lower part of the tyre,
which was stiffer in this area. In the lower part, the points
located at the inner part of the tyre, near the tyre bead, i.e. the
connection with the rim, moved by the greatest amount towards

the inside of the vehicle. This lower part feature results from the
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loss of its stiffness and increases the risk of the tyre bead
detaching from the rim and the tyre falling off the rim. This may
threaten the vehicle’s safety and create the risk of an accident.
Also, at a pressure in the wheels of 0.14 MPa, the displacement
greatest values in the direction of the Y-axis were found. Also at
this pressure value, there were clear differences between the
displacement values of the analysed points located in the lower
and upper part of the tyre, as well as between the position of the
points in the front and rear part of the tyre concerning the axis
of rotation of the wheel. This is the result of the change in mass
distribution when reducing the vehicle's ground clearance and
results in an uneven distribution of the tyre load.

The deflection of the tyre at the DIC approach was visible at
all tyre pressure values, Fig. 8-Fig. 9. This was expressed by
very small (Fig. 8) and very high (Fig. 9) values indicating
changes in the tyre response due to the pressure differences. It
shows that besides the Y-axis dominant deflection, the
component reacts in a vehicle's main longitudinal and
perpendicular axes, Fig. 9. From the operating stage of view the
X-deflection creates additional resistance for driving while the
Z-deflection limits holding the vehicle in corners.

Changes in the component displacement values at individual
pressure differences for the front right wheel follow their
courses (Fig. 10a). The results show that the X and X
displacement courses are very similar, while the Y ones is
completely different. As was presented earlier, the deflection in
the Y-axis direction plays a dominant role in the tyre behaviour,

creating the resultant displacement vector values, Fig. 10.
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Fig. 10. Changes in values of displacement components (a) and resultant vector (b) versus tyre pressure value at the DIC approach
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In the more complex analysis, the following sentence can be
formulated: the relatively large values between the minimum
and maximum positions of points in the X and Z axis direction
resulted from the fact that some of the points in the direction of
these axes tended to have negative values while some to positive
ones. In the case of the Y axis, however, all points moved
towards negative values. Therefore, the displacement values in
the X and Z-axis directions are smaller than in the Y-axis.

The tyre displacement points in the direction of the X and Z
axes mainly contribute to the increase of the tyre's contact
surface with the ground. This directly translates into an increase
in the vehicle's resistance to motion, i.e. indirectly into an
increase in fuel consumption and an increase in exhaust
emissions [41, 42]. To reduce fuel consumption, it is necessary
to monitor the states of tire-road interaction as well as the rolling
resistance during vehicle performance [41]. Rolling resistance
is the major cause of the energy loss in pneumatic tires and thus,
its reduction leads to substantial energy savings, CO, emission

reductions, and more mileage [42]. It may also affect the
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vehicle's handling, while the Y displacement causes a decrease
in the height of the tyre profile, and therefore the dynamic radius
of the wheel. This directly translates into a change in the
indicated on the odometer and recorded by the vehicle's controls
driving speed, and may affect the operation of driving assistance
systems and those that increase the level of active safety of
vehicles.

Based on the results, it was possible to determine the
changes in the vehicles’ linear speed value as a function of tyre
pressure differences. For this purpose, it was necessary to use
relationship No. 1. As a result of the change in the dynamic
radius of the wheel associated with a tyre height, differences in
the linear speed of the vehicle occurred.

2Ty
60 igg

V= * 1, , Where 2)

V — vehicle linear speed;
ny, — rotation engine speed;
— drivetrain ratio;

rw — dynamic wheel radius.

o V= 0.061x-0.061
ceo®?® ® ® y-0.0391x-0.0391

y =0.0297x-0.0297
y=0
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Fig. 11. The SUV speed versus tyre pressure

Fig. illustrates the changes in the vehicle's linear speed
value at different tyre pressures. For each tyre pressure value,
a linear relationship was observed between the change in speed
and the actual linear vehicle speed. For the tested vehicle, the
nominal tyre pressure set by the manufacturer on the front axle
is 0.24 MPa. At this tyre pressure value, the speed indications

and its recorded value are consistent with the vehicle

manufacturer's assumptions. Because of the above, it was
assumed during the calculations that at a pressure of 0.24 MPa,
the dynamic radius value is the nominal value. Therefore,
a linear relationship can be observed. On the other hand, an
increase in tyre pressure (0.26, 0.28 and 0.30 MPa) above the
nominal value contributed to an increase in the dynamic radius

of the wheel. In this case, changes in linear speed can be noticed.
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Relatively small values of the increase in the actual linear speed
of the vehicle are visible. At a speed of 200 km/h, these changes
reach about 1.2 km/h. In the case of reducing the tyre pressure
value below its nominal one, driving speed values decreased. At
a speed of 200 km/h, these changes reach about 1.8 km/h at
a tyre pressure of 0.18 MPa. In the case of the remaining tyre
pressure values analysed during the tests, there were even
greater differences between the indicated and recorded linear
speed and the actual linear speed. At a tyre pressure of 0.10 MPa,
the speed change was about 6.3 km/h. A drop in tyre pressure
below the nominal value significantly reduced the indicated and
recorded vehicle speed. This causes differences between the
actual linear vehicle speed and the speed indicated to the user,
and may also affect the operation of driving assistance systems,

which are elements of active vehicle safety.
5. Conclusion

The performed experiment and its results can be instrumental
because they follow the practical aspect of vehicle diagnostics
employing a new approach at DIC method to the problem
considered. It is related to:

(a) the identification of the influence of wheel pressure
changes on the values of the passenger car shock
absorbers' damping coefficient, depending on the size of
the tyres,

(b) the behaviour of the vehicle component using the digital
image correlation (DIC) method at different tyre pressure
values.

It can be concluded that there is a relationship between the
values of the shock absorber coefficient and wheel pressure.
These changes were dependent on the tyre size. The DIC
method at the PONTOS 5M system can be used to cover the
behaviour of tyre types. Thanks to this, it is possible to identify
the influence of tyre pressure value on tyre deformation in three
planes and the vehicle's operating parameters. It is possible to
indicate the regions of the tyre with the greatest deformation
level. It was found that with decreasing pressure in the wheels,
the analysed sections moved in all three coordinates. At each
pressure value, there were clear differences for the displacement
regions located in the lower and upper sections of the tire, as

well as between the front and rear ones, relative to the axis of

rotation of the wheel.

The approach has enabled to capture the damping coefficient
values of passenger car shock absorbers and changes in tire
deflection as well as differences in driving speed. In the case of
vehicles with softer tyres (with a higher profile) of size 235/65
R17, the value of the damping coefficient of shock absorbers
decreased linearly with increasing tyre pressure. The low-
profile tyre (235/55 R19) is harder, and at low tyre pressure, it
does not absorb vibration damping and additionally stiffens the
suspension system.

The largest response at DIC measurements was found in the
Y-axis direction, i.e. the vertical deflection, to the road. The
largest reaction of the component was observed on the fender as
well as in the upper part of the tyre, above the wheel hub, and
in the front part of the tyre. In the case of the tyre, it can be
observed that the X-axis displacement component moved
towards the front of the vehicle, and some towards the rear as
a result of the tyre stiffness reduction. From the operational
point of view, the deflection of the X-axis creates additional
resistance while driving, while the deflection of the Z-axis
limits the vehicle's grip on bends.

For each tyre pressure value, a linear relationship was
observed between the change in speed and the actual linear
vehicle speed. At a pressure of 0.24 MPa, the dynamic radius
reached the nominal value. An increase in tyre pressure above
the nominal value contributed to an increase in the dynamic
radius of the wheel, therefore, changes in linear speed can be
observed. Relatively small increases in the actual linear speed
of the vehicle were visible. In the case of reducing the tyre
pressure below the nominal value, the indicated on the odometer
and recorded by the vehicle's controls driving speed decreased.
The DIC results indicate that the tyre behaviour at its different
pressure values was not homogeneous because Y-deflection
values for points symmetrically arranged concerning it did not
reach the same values. For this case, it sounds the tyre
construction may be improved. During the operation of vehicles,
it is important to maintain proper wheel pressure, because it
enables reaching the required level of road traffic safety. Tyre
pressure should be checked frequently in older cars or

monitored online in new ones.
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