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Abstract:

The present study focuses on the experimental determination of the
braking deceleration of a passenger car equipped with all-weather ti-
res during emergency braking. The study evaluates the impact of the
anti-lock braking system (ABS) under different road surface condi-
tions. The experimental measurements are carried out using a braking
deceleration measuring device ENERGO-SM 4.0, which is used to
compare the indicators during normal operation of ABS and forced
deactivation of the system.

The test automobile is an Opel Zafira A. It is chosen due to its con-
siderable popularity in the passenger car segment and its representati-
veness for the typical consumer. To achieve completeness in the tes-
ting process, the experiments are carried out with two main types of
tires - summer and winter - in the context of a variety of road surface
conditions, both dry and wet.

The results of the conducted experiments demonstrate significant va-
riations in braking deceleration, depending on the type of tires and
road conditions. With ABS operating normally, the vehicle shows a
significantly longer braking deceleration on wet surfaces compared
to emergency braking without the system’s assistance. In wet asphalt
situations, ABS exhibits a distinctive ability to maintain vehicle trac-
tion and controllability, while deactivating the system results in loss
of control and lower braking deceleration values.

The obtained results provide important data that can serve as a basis
for further studies and recommendations regarding the optimization
of braking systems, especially considering the dynamic road condi-
tions and the variety of tires available on the market.

1. INTRODUCTION

Modern active safety systems play a key role in
reducing the risk of road traffic accidents by provi-
ding better control and stability of the vehicle in
critical situations [3, 7]. The Anti-lock Braking Sys-
tem (ABS) is one of the most widely used technolo-
gies designed to prevent wheel lock-up during
braking, thereby maintaining traction with the road

surface and ensuring vehicle maneuverability [9].
However, the effectiveness of ABS depends on nu-
merous factors, including the type of road surface,
weather conditions, driving speed, and the type of
tires fitted to the vehicle.

The present study focuses on the experimental
determination of the deceleration and braking dis-
tance of a passenger car during emergency braking
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under various road conditions. Using precise mea-
suring equipment, the influence of ABS on braking
performance is analyzed, considering different
combinations of tires and road surfaces. The results
obtained provide valuable insights for optimizing
braking systems and adapting them to the dynamic
conditions of the road environment [3, 7].

Deceleration is a key parameter in evaluating the
braking performance of a passenger car. It repre-
sents the rate at which the vehicle’s speed decreases
and is typically measured in meters per second squa-
red (m/s?). High deceleration is an indicator of the
efficiency of the braking system, which must quick-
ly and reliably reduce the vehicle’s speed to a com-
plete stop. Deceleration is a critical metric for asse-
ssing the braking performance of a passenger car.
Effective braking not only ensures safety and con-
trol but also supports the integration of modern tech-
nologies and compliance with regulatory standards
[5]. Careful investigation and optimization of dece-
leration are essential for the development of safer
and more reliable vehicles.

Studies on braking performance often involve
measuring deceleration and braking time at various
speeds. Deceleration is defined as the change in the
vehicle’s speed during braking and is a key indicator
of the braking system’s efficiency [1].

ABS has proven its effectiveness on various road
surfaces, including wet and snowy roads. According
to numerous studies, the system is particularly bene-
ficial when driving in conditions of reduced visibi-
lity and slippery surfaces, where the risk of wheel
lock-up is higher [6, 9].

To record the investigated vehicle parameters, it
iS necessary to use modern and precise equipment
that ensures accurate results. In this study, a non-
contact system for measuring the speed and distance
of moving vehicles, EnergoSM 4.0 (Fig. 4), deve-
loped by the company ENERGOTEST, was used.

2. METHODOLOGY

The methodology of the experimental research
involves measuring the deceleration of a passenger
car during emergency braking on various road sur-
faces with different coefficients of friction. The ex-
periments were conducted during the summer sea-
son, at an ambient air temperature of approximately
25 degrees Celsius and an asphalt surface tempera-
ture of 20 degrees Celsius. The tests were carried
out on a test track (Fig. 1) located in the town of
Smolyan, covered with an asphalt surface. The ex-

periments were performed on a straight and level
section of the track under different road conditions:
dry pavement and wet pavement. The passenger car
was initially equipped with summer tires, and sub-
sequently, under the same conditions, it was tested
with winter tires.

Fig. 1 A test track with an asphalt surface.

For the experiment, a passenger car was used.
The test vehicle was an Opel Zafira A, selected due
to its significant popularity in the passenger car seg-
ment and its representativeness for the typical user.
To ensure the comprehensiveness of the testing pro-
cess, the experiments were conducted with two
main types of tires - summer and winter - under
different road surface conditions, both dry and wet.

Fig. 2 Passenger car OPEL ZAFIRA A with sum-
mer tires.
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2.1.OPEL ZAFIRA A, MANUFACTURED
IN 2005 (FIG. 2), EQUIPPED WITH
SUMMER TIRES, BRAND “MICHE-
LIN” SIZE 205/55 R16 91V, WITH A
MEASURED TREAD DEPTH OF 6 MM.

The experiments with the specified vehicle,
which is standardly equipped with an active safety
system (ABS), were conducted on a straight and
level section of the track at various driving speeds.
The experiment included tests at speeds of 30, 40,
50, and 60 km/h. Additionally, under the same con-
ditions, tests were performed with the ABS system
forcibly deactivated.

2.2.0PEL ZAFIRA A, MANUFACTURED
IN 2005 (FIG. 3), EQUIPPED WITH
WINTER TIRES, BRAND "KUMHO,"
SIZE 195/65 R15, WITH A MEASURED
TREAD DEPTH OF 8 MM.

Fig. 3 Passenger car OPEL ZAFIRA A with winter
tires.

In this study, a non-contact system for measuring
the speed and acceleration of moving vehicles,
EnergoSM 4.0 (Fig. 4), developed by the company
ENERGOTEST, was used [10].

The maximum deceleration was measured by the
“Energo-SM 4.0” decelerometer from the moment
the brake was engaged (the start of deceleration in-
crease) until the vehicle came to a complete stop.
The results of the conducted experiments were pro-
cessed using the software “ESM2: EnergoSM dece-
lerometer windows software” Ver. 2.0.5, which pro-
vides graphical representation of the measured para-
meters over time and also displays the vehicle’s
speed.
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Fig. 4 Decelerometer “Energo-SM 4.0”.

Key Features of the Device:

Non-Contact Measurement: The Energo-SM
4.0 uses non-contact measurement technologies, en-
suring more accurate and stable results compared to
traditional methods. It is suitable for measurements
on both closed tracks and real road conditions.

High Precision: The system is designed to deli-
ver high measurement accuracy, which is critical for
research and development in the field of automotive
safety and dynamics. The precision of the measure-
ments is essential for the validity of experimental
data and for drawing reliable conclusions.

Speed and Deceleration Measurement: The
EnergoSM 4.0 provides the ability to measure the
current speed of the vehicle and its deceleration with
high accuracy. The system can record the vehicle’s
accelerations and decelerations in real time, which
is useful for analyzing braking performance and
other dynamic characteristics.

Applications:

Brake System Testing: The system is used for
experimental studies of braking system efficiency,
providing data on deceleration and stopping time at
various speeds and conditions.

Dynamic Vehicle Analysis: The system is utili-
zed for analyzing the dynamic characteristics of ve-
hicles, including acceleration, deceleration, and be-
havior during various maneuvers.

The Energo-SM 4.0 accelerometer is a modern
tool for precise measurement and analysis of the dy-
namic characteristics of vehicles, making it highly
valuable in the field of automotive research and
development.
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3. EXPERIMENTAL RESULTS

The maximum deceleration was measured by the
“Energo-SM 4.0” decelerometer from the moment
the brake was engaged. The results of the conducted
experiments were processed using the software
“ESM2: EnergoSM decelerometer windows soft-
ware” Ver. 2.0.5, which provides graphical repre-
sentation of the measured parameters over time
(Fig. 5). Additionally, it allows for the visualization
of the vehicle’s speed (Fig. 6).

0 L N = n N
Fig. 5 Graphics from “Energo SM 4.0”, processed
with “ESM2” software, showing the braking

deceleration in m/s?.

Fig. 6 Graphics from “Energo-SM 4.0”, processed
with “ESM2” software, showing the braking
deceleration in m/s? and additionally the speed in
km/h.

The results of the experimental study are presen-
ted both graphically and in tabular form in Fig. 7
and Fig. 8.

3.1.STUDY OF THE BRAKING DECELE-
RATION OF TKE OPEL ZAFIRA A.

The graph in Fig. 7 illustrates the deceleration
results (in m/s?) under different road conditions, tire
types, and the presence or absence of ABS (Anti-
lock Braking System). The data is categorized by
speed (30, 40, 50, and 60 km/h) and demonstrates
how various factors influence braking performance.

Braking Deceleration results

dryroad, | dryroad, wetroad, wetroad, dryroad, dryroad, wetroad, wetroad,
sum.tires, sum.tires, sum.tires, sum.tires, win.tires, wintires, wintires, win.tires,
+ABS -ABS +ABS -ABS +ABS -ABS +ABS -ABS

m30km/h  10.15 10.23 10.05 9.69 9.88 9.77 8.07 731
40km/h 10,07 10.06 10.13 9.21 9.94 9.65 83 7.32
50km/h 10.03 994 10.43 95 9.63 8.8 851 7.59
60km/h  10.08 10.48 10.19 9.8 9.87 9.17 8.67 7.24

Deceleration, m/s?

Road conditions, Tyre tipeq +/-ABS

m30km/h ®m40km/h ®50km/h ®60km/h

Fig. 7 Variation in Deceleration of the OPEL ZAFI-
RA A Based on Road Surface, Tire Type, ABS Pre-
sence, and Vehicle Speed.

Key Observations:
Dry road with summer tires:

With ABS, deceleration is the highest (approxi-
mately 10.15-10.08 m/s? across different speeds).
Without ABS, deceleration is slightly higher (10.23
- 10.48 m/s?), indicating that ABS is not a critical
factor on dry surfaces.

Wet road with summer tires:

With ABS, deceleration is lower (9.69 - 10.43
m/s?), showing reduced braking efficiency compa-
red to dry conditions. Without ABS, deceleration is
even lower (9.21 - 9.8 m/s?), emphasizing the im-
portance of ABS in wet conditions.

Dry road with winter tires:

With ABS, deceleration is relatively high (9.88 -
9.87 m/s?) but lower than with summer tires.
Without ABS, deceleration is slightly lower (9.94 -
9.63 m/s?), indicating that winter tires are not opti-
mal for dry conditions.

Wet road with winter tires:

With ABS, deceleration is significantly lower
(8.07 - 8.67 m/s?), highlighting the limited efficien-
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cy of winter tires on wet surfaces. Without ABS,
deceleration is the lowest (7.24 - 7.59 m/s?), unders-
coring the poor performance of winter tires without
ABS on wet roads.

Conclusions:

Summer tires provide better deceleration on both
dry and wet surfaces compared to winter tires.

ABS plays a crucial role in improving dece-
leration, especially on wet surfaces.

Winter tires are less effective in summer con-
ditions, particularly on wet roads.

3.2.STUDY OF THE BRAKING DISTAN-
CE OF THE OPEL ZAFIRA A.

The graph in Fig. 8 presents the results of the
experiment measuring the braking distance (in me-
ters) under various road conditions, tire types (sum-
mer and winter), the presence or absence of ABS
(Anti-lock Braking System), and different speeds
(30, 40, 50 and 60 km/h).

Braking distance results
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Fig. 8 Variation in Braking Distance of the OPEL
ZAFIRA A Based on Road Surface, Tire Type, ABS
Presence, and Vehicle Speed.

Key Observations:
Dry road with summer tires:

With ABS, the braking distance is the shortest
across all speeds (e.g., 2.86 m at 30 km/h and 11.92
m at 60 km/h). Without ABS, the braking distance
is slightly longer (e.g., 2.93 m at 30 km/h and 13.24
m at 60 km/h), indicating minimal influence of ABS
on dry surfaces.

Wet road with summer tires:

With ABS, the braking distance is longer com-
pared to dry conditions (e.g., 3.06 m at 30 km/h and
13.73 m at 60 km/h). Without ABS, the braking dis-

tance increases further (e.g., 3.13 m at 30 km/h and
15.36 m at 60 km/h), highlighting the importance of
ABS in wet conditions.

Dry road with winter tires:

With ABS, the braking distance is longer compa-
red to summer tires (e.g. 3.18 m at 30 km/h and
13.12 m at 60 km/h). Without ABS, the braking dis-
tance is even longer (e.g. 3.23 m at 30 km/h and
15.62 m at 60 km/h), showing that winter tires are
not optimal for dry conditions.

Wet road with winter tires:

With ABS, the braking distance is significantly
longer (e.g. 3.73 m at 30 km/h and 14.38 m at 60
km/h), indicating the limited efficiency of winter ti-
res on wet surfaces. Without ABS, the braking dis-
tance is the longest of all scenarios (e.g. 4.63 m at
30 km/h and 16.46 m at 60 km/h), emphasizing the
poor performance of winter tires without ABS on
wet roads.

Conclusions:

Summer tires provide a shorter braking distance
on both dry and wet surfaces compared to winter ti-
res.

ABS significantly improves braking distance,
especially on wet surfaces, with the most noticeable
difference observed when using winter tires.

Winter tires are less effective in summer condi-
tions, particularly on wet roads, where the braking
distance is the longest.

These results underscore the importance of se-
lecting the appropriate tires for the season and road
conditions, as well as the critical role of ABS in en-
suring safety.

4. COMMENTS AND CONCLUSIONS

The present study provides valuable insights into
the effectiveness of the Anti-lock Braking System
(ABS) under various road conditions and with di-
fferent types of tires. Based on the conducted expe-
riments, the following key conclusions can be
drawn:

- Effectiveness of ABS on Wet Surfaces

The ABS system demonstrates significant ad-
vantages on wet and slippery road surfaces. When
ABS is functioning properly, better traction and ve-
hicle control are observed, reducing the risk of
wheel lock-up and loss of control. This is particular-
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ly critical during emergency braking, where reac-
tion time and vehicle stability are essential.

ABS significantly improves braking distance,
especially on wet surfaces. The difference in bra-
king distance between ABS and non-ABS scenarios
is most pronounced when using winter tires on wet
roads.

On dry surfaces, the difference between ABS
and non-ABS braking is minimal, indicating that
ABS is more effective under low-traction condi-
tions.

Wet surfaces substantially increase braking dis-
tance, particularly when using winter tires without
ABS. This is a critical safety factor that requires
heightened caution when driving in rainy condi-
tions.

- Impact of Tire Type on Deceleration

Summer tires exhibit better performance on both
dry and wet surfaces compared to winter tires. This
is especially evident at higher speeds, where the bra-
king distance with winter tires is significantly lon-
ger.

Winter tires are optimized for cold conditions
and snow, but their efficiency decreases considera-
bly on wet surfaces and at summer temperatures.

- Role of ABS at Different Speeds

At various speeds, the ABS system delivers con-
sistent results, providing shorter braking distances
and better traction compared to a deactivated sys-
tem.

As speed increases, braking distance grows sig-
nificantly, regardless of tire type or ABS presence.
This highlights the importance of adjusting speed to
match road conditions.

- Importance of Precise Measurements

The use of modern measuring equipment, such
as the Energo-SM 4.0 decelerometer, is crucial for
ensuring the accuracy of results. This technology
enables detailed analysis of the vehicle's dynamic
characteristics and provides reliable data for evalua-
ting braking system performance.

- Recommendations for Future Research

The results obtained in this study can serve as a
foundation for further research aimed at optimizing
ABS systems and adapting them to various road and
weather conditions.

Future studies could also explore the impact of
additional factors, such as tire wear and different
types of road surfaces, on braking performance.

These findings emphasize the importance of se-
lecting appropriate tires for the season and road
conditions, as well as the critical role of ABS in
enhancing safety, particularly on wet and slippery
surfaces.

5. CONCLUSION

The study confirms the critical role of the ABS
system in enhancing road safety. The results clearly
demonstrate that ABS significantly improves vehi-
cle control and traction during emergency braking,
particularly on wet and slippery surfaces. The type
of tires also has a substantial impact on the effecti-
veness of the braking system, highlighting the im-
portance of selecting the appropriate tires based on
road and weather conditions. Summer tires are most
suitable for dry and wet conditions in warm tempe-
ratures, while winter tires should only be used in
cold conditions, snow, or ice. Using winter tires in
summer or on wet surfaces significantly increases
braking distance and reduces safety.

This study provides valuable insights into the op-
timization of braking systems and their adaptation
to the dynamic conditions of the road environment.
It also emphasizes the importance of modern mea-
surement and analysis technologies, which contri-
bute to a better understanding of vehicle behavior
during emergency braking. These findings can be
utilized to develop new strategies for improving the
active safety of vehicles, which is essential for redu-
cing road accidents and enhancing traffic safety.
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