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Correct determination of deceleration is very important from the aspect of the inves-
tigation of traffic accidents, because deceleration of the vehicle involved in the traf-
fic accident is of key importance for the preparation of a quality finding and opinion
of traffic expert. In this paper it was conducted the investigation how the change of
the pressure affects the change of the temperature of the brake couple and how this
change is later reflected in the deceleration of the vehicle and the braking distance.
In order to find how the temperature influences the deceleration, it was conducted
experimental investigation. The experimental investigation was conducted on the
experimental test rig, which simulates the braking process for the quarter of the
vehicle mass, and the experimental investigation was conducted for four different
braking pressures: 2 MPa, 3 MPa, 4 MPa, and 5 MPa. The temperature of the brake
couple was measured during the entire braking process. Also the difference between
mean fully developed deceleration and average vehicle deceleration is shown. It
was found that for the case when the braking pressure was 5 MPa, the maximum
deceleration value was greater than the value of gravity of Earth which may impair
the stability of the vehicle. When the braking pressure was 2 MPa, 3 MPa, and
4 MPa, the temperature increased, respectively, but in the last measurement, when
the braking pressure was 5 MPa, it began to decrease. Braking distance decreased
with the increment of the braking pressure. Also, with the braking pressure incre-
ment, the deceleration increased in all cases.

Key words: temperature of the brake couple, experimental investigation,
mean fully developed deceleration, braking pressure

Introduction

Motion with constant acceleration was studied in the 14" century and the Merton
rule (at Merton College, Oxford), as we know it today, was deduced An object with constant
acceleration travels the same distance as it would have if it had constant velocity equal to the
average of its initial and final velocities.

In the 17" century, Galileo Galilei (1564-1642) and others discovered that, in a void,
all falling objects have the same constant acceleration and Newton (1642-1727) and Leibniz
(1646-1716) built on these ideas in developing the concept of the derivative. All of the afore-
mentioned are ways how the deceleration can be calculated, which is very important from the
aspect of traffic safety.
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Correct determination of deceleration has great importance when traffic accidents are
analysed. Traffic experts in real conditions determine several types of deceleration in various
ways: the minimum deceleration value, the mean deceleration value, the maximum decelera-
tion value, or deceleration based on the maximum instantaneous force that can be achieved on
the technical inspection-line. Correct determination of the deceleration of the vehicle involved
in the traffic accident is of key importance for the preparation of a quality finding and opinion
of traffic expert. Various influential parameters on the deceleration value can be found in the
existing literature. Deceleration is one of the braking parameters that is completely present in
many calculations, but there is a small number of authors who investigated how the temperature
of the brake couple elements (brake disc and brake pads) influence the vehicle deceleration. It
is significant to investigate this subject because the deceleration is in direct connection with the
braking distance achieved by the vehicle in accident situations.

The deceleration is crucial from the aspect of the traffic safety. One of the ways to
increase the safety is earlier reaction of the vehicle, i.e. earlier start of vehicle deceleration,
if the braking is necessary, which can be achieved by the use of automated vehicle [1-3].
In this case, the communication between the automated vehicle and pedestrian is crucial to
start braking process at the right time, and to achieve deceleration for safe braking [4]. The
deceleration depends on the type of the vehicle as well. This is quite important not only from
the aspect of the safety but also from the aspect of various applications like length of yellow
light at intersection, determination of sight distances at intersection, ramp design, traffic
simulation modelling, emission modelling, instantaneous fuel consumption rate modelling,
etc. [5, 6]. Besides that, if the vehicle is equipped with trailer, it can influence on the braking
performances [7]. Also, the deceleration is crucial from the aspect of braking distance. So,
in the case of heavy vehicles, it is very important to have adequate deceleration, in order to
stop a great kinetic energy of the vehicle. Therefore, the solution is to use the systems which
use information about tire-road friction coefficient, and use this information control brake
system [8]. Apart from the traffic safety and traffic infrastructure, the deceleration can be
crucial from the aspect of the analysis of the traffic accident which already happened [9].
The braking process is quite complex so the efficiency of the braking system along with the
deceleration are conditioned by many parameters such are vehicle speed, thermomechanical
behaviour of the brake couple, thermal characteristics of the brake couple elements and brak-
ing parameters such as the braking pressure [10-15]. At the end, the most important thing
is actually the safety of the traffic participants. So, the main role of the brake system is to
prevent traffic accidents. Thus, it is important to have the brake system with good braking
characteristics [16], and also to have an adequate driver reaction. However, nowadays, the
driver reaction can be improved by the use of Advanced Emergency Braking Systems which
can be very useful from the aspect of safety [17].

The main aim of this paper is to investigate the influence of the braking pressure on
the temperature of brake elements, and how it affects the deceleration as one of main parame-
ters from the aspect of the traffic safety.

Dependence of braking distance on deceleration

The simplest definition of average deceleration is a change of the speed, i.e. a de-
crease of the speed in some time interval:

V.. =V,
d — initial final 1
A (1
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According to ECE 13 regulation, the performance prescribed for braking systems is
based on stopping distance of mean fully developed deceleration (MFDD). The effectiveness
of the braking system is determined by measuring the stopping distance in relation the initial
speed of the vehicle and/or by measuring the mean full deceleration during the test. According
to ECE 13 regulation, the MFDD can be calculated [18]:

__ )
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The braking distance is the distance travelled by the vehicle from the moment the
driver starts to brake, until the moment the vehicle stops. In this process, the initial speed is the
speed at the moment when the driver starts to activate the braking system, and it must not be
less than 98% of the prescribed speed for the given test.

Braking distance is one of the basic standards for road design and maintenance prac-
tices. The braking distance is a part of the stopping distance. Often these two distances are
equated, but there is actually a huge difference, and that is the driver. Stopping distance can be
calculated:

MFDD

S, =5, +5, 3)

In this paper only the braking distance will be calculated, because temperature of the
brake is influencing the deceleration, and deceleration is the part of braking distance. Decelera-
tion is an important part of the findings made by experts in the traffic, which is often of crucial
importance for defining the oversight of the participants in the traffic accident.

Figure 1 shows the procedure of the conducted experiment. At the beginning, four
measurements were made. During these measurements the pressure values in the brake instal-
lation were varied.

Determination of deceleration
and braking distance

I
Comparative analysis of
deceleration, braking distance
and disc temperature

I

Comparation of the maximum
deceleration value and MFDD

¥
‘ Results ‘

Figure 1. Experiment procedure

The pressure in the brake installation for the 1%, 2™, 3 and 4™ measurements was
2 MPa, 3 MPa, 4 MPa, and 5 MPa, respectively. For each of these four measurements the mean
value was taken. Before each measurement, the temperature of brake couple elements was re-
turned at the initial conditions, which provided for the braking process to start always at almost
the same temperature (45.5 °C £0.5 °C). During each measurement, in parallel with the mea-
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surement of the speed, the temperature of the brake couple elements was measured. After the
obtained results, the deceleration and braking distance were calculated according to the speed
change during the time. The resulting deceleration, i.e. its maximum value, was compared with
the MFDD.

Experimental research

In the conducted experiments the braking pressure was varied from 2-5 MPa, and the
temperature of the brake couple elements was measured during the entire braking process. The
experimental investigation was conducted in the inertial dynamometer, which simulates the
quarter of the vehicle mass. The scheme of the used experimental installation is shown in fig. 2.
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Figure 2. The scheme of the experimental test rig [19]

The test rig simulates the quarter of the vehicle mass, that is it simulates the kinetic
energy which quarter of the vehicle mass has in the moment when braking process starts. Main
parts of the test rig are driving part, which consists of electric motors — 1 and frequency regu-
lator — 13, flywheel mass — 5, and braking system (brake disc and brake pads — 6, calliper — 27,
and hydraulic installation — 12 and 26. The brakes are activated by pneumatic installation — 9.
All data are collected by PC — 11, and the control of the test rig is provided by program installed
on the PC. The temperature of the brake is measured by thermal imager — 8, while the tempera-
ture of brake pads is measured in four points by temperature sensors — 7, which are mounted in
the brake pads at 2 mm from the contact surface. The braking pressure is regulated by the pres-
sure in pneumatic installation, while the simulated kinetic energy is adjusted by the rotational
velocity of the flywheel mass.

During the first measurement, the pressure in the brake installation was 2 MPa
(20 bar), braking started when the speed of the simulated vehicle was 100 km/h, and the brak-
ing was conducted until the complete stop, that is, until the speed of the simulated vehicle was
0 km/h. The same procedure was conducted for other three values of the braking pressure.

All four measurements were made separately, they are not consecutive measurements
in order to obtain the same previously mentioned initial conditions for each measurement. The
complete stop was taken as the experimental parameter in order to simulate dangerous traffic
situations, only for different braking pressures.
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Based on the obtained data on the drop in speed over time, the actual value of the
deceleration was obtained. The braking distance is calculated as the integral of the speed in a
certain time interval:

S :IV(t)dt (4)

The monitoring of the heat spread over the surface of the brake disc was performed
with a thermal imager Testo 868, and the measurement range selected in the settings of the ther-
mal imager, for the purposes of this measurement was from 0-650 °C. This is based on similar
research which determined that the expected temperatures were in this range during the braking
process.

The experiment was done on the BRAKE DYNO 2020 test rig.

Results and discussion

For the analysis of the correlation between the temperature and the deceleration, it
was taken the highest value of the temperature measured during each test. In all cases, this was
the temperature measured on the entering part of the external brake pad. The reason why the
temperature on the entering part of the external brake pad is the highest, is so-called umbrella
effect [20], that is, the disc tends to bend to the external side, which loads more the external
brake pad than the internal one. Also, the entering side of the brake pad is the side which first
enters in contact with the rotating brake disc.

Figures 3-6 show results for the deceleration, braking distance and temperature when
the pressure in the brake installation was 2 MPa, 3 MPa, 4 MPa, and 5 MPa, respectively, while
the values for the maximum deceleration and MFDD are given in tab. 1.

The values of the average deceleration and the braking distance were calculated ac-
cording to egs. (1) and (4).

In the first measurement when braking from 100 km/h to 0 km/h (complete stop)
while the braking pressure was 2 MPa, the disc needed 8.25 seconds to stop, had a braking
distance of 132.2 m, while the maximum temperature was 45.9 °C. The maximum established
deceleration in the first measurement was 4.2 m/s.
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Figure 3. The deceleration — 1, braking Figure 4. The deceleration — 1, braking

distance — 2, and temperature — 3, for the distance — 2, and temperature — 3, for the

braking pressure of 2 Mpa braking pressure of 3 MPa

For the second measurement, under the same conditions (constant braking from
100 km/h to 0 km/h) with a braking pressure of 3 MPa, it was obtained that the time needed
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Figure 5. The deceleration — 1, braking Figure 6. The deceleration — 1, braking
distance — 2, and temperature — 3, for the distance — 2, and temperature — 3, for the
braking pressure of 4 MPa braking pressure of S MPa

Table 1. Difference between maximum deceleration value, average
deceleration value and MFDD for four measurements

Max deceleration [ms2] MFDD [ms?] Difference [%]
I** measurement 4.2 32 23.8
2" measurement 6.5 4.7 27.7
3" measurement 7.4 5.1 31.1
4" measurement 10.1 6.8 32.7

to completely stop the disc is 6 seconds (which is 27.3% shorter compared to the first mea-
surement when the pressure in the brake installation was 2 MPa). The braking distance in the
second measurement was 82.5 m, and the maximum temperature was 49.2 °C. The maximum
deceleration value during the second measurement was 6.5 ms=.

The third measurement was carried out like the previous two, while the braking pres-
sure was 4 MPa. The time required for the disc to come to a complete stop under these con-
ditions was 5.25 seconds. The braking distance in the third measurement was 76 m, while the
maximum temperature was 50.5 °C. The maximum value of the deceleration during the third
measurement was 7.4 m/s?.

In the fourth measurement, braking was also initiated from 100 km/h to 0 km/h, where
the braking pressure was 5 MPa. The time required to completely stop the disc was 3.75 sec-
onds. The braking distance under these conditions was 56.2 m. The highest measured tempera-
ture was the temperature at the end of the measurement and it was 49.1°C, which is approxi-
mately close to the temperature obtained for the third measurement. The maximum deceleration
value during the fourth measurement was 10.1 m/s?. As the value of the maximum deceleration
is 10.1 m/s? (greater than the acceleration of the gravity of Earth which is 9.81 m/s?) it can be
concluded that these braking conditions can lead to the loss of the vehicle stability.

For all four measurements, the maximum measured temperature was the temperature
measured at the moment when the disc completely stops.

As different adopted deceleration values (maximum, minimum, mean, MFDD) can be
found in the literature when it comes to experimental research, a comparison was made between
the maximum adopted deceleration value (the one that is most often taken as a reference value
during technical inspections of a vehicle) and the MFDD value calculated by eq. (2), which is
defined by ECE 13 regulation [18], shown in fig. 6. It can be concluded that with the increase
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in pressure in the brake installation, the difference between the maximum values of deceler-
ation and the MFDD also increases. Error between maximum deceleration value and MFDD
increased by each subsequent measurement as shown in tab. 1.

If the changes of temperature are observed, it can be seen that the greatest tempera-
ture rise happens exactly after the achievement of the maximum deceleration. Also, after the
achievement of the maximum deceleration, the change of the braking distances decreases. All
this happens due to the stable friction coefficient, that is, at the moment of the maximum de-
celeration achievement, braking pressure stays constant, until the end of the braking process.
More accurately, it takes some time for the braking pressure to achieve defined value, which
corresponds to the behaviour of the driver, and brake system installation during the braking.
The comparison of average deceleration and MFDD, for the braking pressures 2 MPa, 3 MPa,
4 MPa, and 5 MPa, is shown in figs. 7-10.
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Figure 7. The comparison of average Figure 8. The comparison of average
deceleration and MFDD, for the braking deceleration and MFDD, for the braking
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Figure 9. The comparison of average Figure 10. The comparison of average
deceleration and MFDD, for the braking deceleration and MFDD, for the braking
pressure of 4 MPa pressure of 5 MPa

The obtained results are quite logical from the aspect of braking pressure. That is, with
the increment of the pressure the value of deceleration rises, which leads to the shorter braking
distance. With the pressure increment the temperature also rises. The deceleration was higher
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although the temperature rose, which means that the friction coefficient did not decrease. This
happened due to the fact that the temperature did not reach the level which affects the friction
coefficient decrease. Otherwise, the temperature would cause the increase of the friction coef-
ficient. The same conclusion was reached in [19, 21]. This means that the temperature of the
brake couple elements did not reach the critical levels which can cause the fade of the braking
performances. More accurately, the friction coefficient rises until the temperature reaches value
around 150 °C [21], and after that friction coefficient starts to fall.

Conclusions

It can be concluded that it is necessary to think carefully which deceleration value
to adopt, because the errors that occurred between the maximum deceleration value and the
MFDD are not negligible. With the increase of the braking pressure, there was also an increase
of the temperatures. The increment of the braking pressure as well as of the brake couple ele-
ments temperature caused the reduction of the braking distance. Therefore, deceleration incre-
ment was accompanied by the pressure increment. This indicates the good and stable friction
coefficient, due to the non-critical temperatures, which was proven by other researchers.

In the fourth measurement (when the pressure in the brake installation was 5 MPa),
the maximum deceleration value was 10.1 m/s?, which may lead to a disturbance of the vehicle
stability (value greater than gravity of Earth). It can be concluded that the braking pressure
values less than 5 MPa are acceptable from the aspect of stability. However, with the reduction
of pressure in the brake installation, the braking distance extends, which is extremely unfavour-
able from the aspect of safety.

In this experimental research, four individual measurements were involved, which
simulated dangerous traffic situations that are unexpected. In further research, it is necessary
to investigate how the temperature of the brakes changes when it comes to measurements with
successive repetitions.

It is important to deal with this subject, because the correct determination of the de-
celeration of the vehicle involved in the traffic accident is of crucial importance for the prepa-
ration of a quality finding and opinion of traffic expert, which can help to avoid further traffic
accidents.

Nomenclature

d —average deceleration, [ms~] S, — braking distance [m]

MFDD — mean fully developed S, — stopping distance [m]
deceleration, [ms2] V, — vehicle speed at 0.8 V;, [kmh™']

S, —distance travelled between V; and V,, [m] V, —vehicle speed at 0.1 ¥, [kmh™']

S, —drivers reaction distance, [m] Vina — final speed, [ms™]

S, — distance travelled between V; and V,, [m] Vinitiat — 101tial speed, [ms™']
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