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ABSTRACT

The road safety depends on many factors, including the efficiency of the technical
system and the disposal of the driver of the vehicle. As wear of most of the vehicle
assemblies threatened only with a breakdown, excessive wear of the braking system
components may pose a risk of a traffic accident. The article presents a study on the
quality of the brake fluid conductivity as a function of temperature and water content
conducted for a selected group of vehicles. This group of vehicles was characterized
by different production date and had a different of vehicle mileage. We presented the
methodology of statistical analysis of the quality of brake fluid tests in selected 38

passenger vehicles in operation.
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INTRODUCTION

Technical development has contributed to
social development and growth of consumer re-
quirements associated also with the use of means
oftransport. During the past decades, rapid growth
of traffic volume, especially motorized road mo-
bility, has resulted in continuously increasing
safety problems [26]. Europe, recognized as one
of the safest road traffic regions in the world, also
suffers from the road crash problems [26]. Vehicle
congestion and high risk of accidents result in dis-
apointment of many drivers and public transport
users, causing psychological tension and increas-
ing the accident rate [13]. In order to improve
safety the efficiency and reliability of vehicle
safety systems are systematically increased and
more perfect consumables are used. For use in

industry and automotive lubrication are the most
important synthetic hydrocarbons (particularly
polyalphaolefins (PAOs)), carboxylic acid esters
(complex esters and polyesters) and polyalkylene
glycols (PAG) [1].

Many research works were devoted to issues
concerning the maintenance of the reliability
of vehicles as one of the features being favour-
able for safety. Michalski and Wierzbicki [20]
conducted the analysis of degradation of differ-
ent systems in vehicles being already in service.
Gardynski and Lonkwic [9] investigated physical
and chemical properties of polymer materials used
in transportation. Marczuk et all [18] presented
the problem of degradation of means of transport
and use of components from end-of-life vehicles.
In the literature concerning road transport issues
can be found many scientific works on the state
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of road safety in Poland [2] and Europe [8, 13,
23, 26]. Skrucany and others [27, 28] investigated
dangers to traffic related to heavy goods vehicle
traffic under different loads and in varying condi-
tions of operating as well as during braking pro-
cess. In order to increase vehicle transport safety
complex mechatronical systems such as passive
and active safety systems are implemented in all
new vehicles. One of the most important safety
systems in the vehicle is braking system, which
has a decisive impact on the safety level of an ac-
tive car. In the literature, there is a lot of work
about the friction elements of the braking systems
[11, 14, 22, 24, 25, 30] but only few concerning
the quality of brake fluid [3, 5, 17].

Requirements for brake systems of cars were
formulated in Regulations of 13 UN Economic
Commission for Europe (ECE) [29]. These re-
quirements relate to braking motion stability of
the vehicle during braking and reliability of brak-
ing system. The braking performance is expressed
by braking distance being influenced by technical
condition of the braking system and by pressure
in tires [4]. The braking distance of a vehicle also
depends on several factors having an impact on
tire grip, such as weather conditions (rain, fog,
lighting conditions), geographic conditions (e.g.
slope of the land), speed, quality and type of tire
[10, 23], as well as the braking system technical
condition. As is clear from the KRBRD Report
[21] concerning the faults occurring in the vehicle
safety systems, up to 22.5% of the causes of traf-
fic events is caused by a malfunction of the brak-
ing system. But the one who primarily determines
the state of security is a human being - the driver.
Jun [16] examined patterns of speeding, accel-
eration and braking to predict crash involvement
using data collected with an in-vehicle device in-
corporating GPS and onboard diagnostics (OBD).
The objective here was to identify behaviours and
their relationship to crash risk. These (individual)
behavioural measures correctly predicted 68% of
crash-involved drivers (26 drivers) and 87% of
non-crash-involved drivers (141 drivers) [7].

The brake system is a safety critical compo-
nent necessary for the safe operation of the ve-
hicle [14]. Braking systems have drastically im-
proved since the arrival of ABS (anti-lock brak-
ing systems), as has driving control through the
development of 4WD (Four-Wheel Drive Sys-
tems) and TCL (Traction Control Systems) [24].
ABS is implemented in automobiles to ensure
optimal vehicle control and minimal stopping
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distances during hard or emergency braking with
the contribution to vehicle safety [6]. The brak-
ing performance of the ABS depends on control
logics to overcome the time-varying nature of the
braking dynamics and many uncertain parameters
such as environments, road and friction coeffi-
cient [6]. Fault diagnosis is an important process
in preventive maintenance of hydraulic brakes
[11]. The faults in a hydraulic brake system of an
automobile are not fairly noticeable [14]. Some
warning signs that there is something wrong with
brakes include a performing or squeaking noise
[14]. This identification is only friction brake sys-
tem, the brake fluid may not be assessed in this
way. If faulty brakes are used, the vehicle cannot
be stopped within a reasonable distance. Brake
fault may also be the cause of vehicle moving on
unintentional track. Early detection of the defects,
therefore, is crucial to prevent the system from
malfunction that could cause damage to the entire
system or accident [11].

The brake fluid is one of the most important
elements of a breaking system, fulfilling many
tasks [3]. The chemical composition of the brake
fluid depends on the requirements for fluids con-
cerning fluid chemical stability, higher operating
temperature and ensuring adequate corrosion pro-
tection of brake components [5]. Brake fluids are
typically a mixture of alkyl ethers, ethylene gly-
col (C,H,0,), propylene glycol (C,H,0,), boronic
esters and polypropylene glycols with upgrading
additives.

Technical condition of the brake system has
a significant impact on the course of changes in
the value of deceleration both in the rise of delay
phase and after reaching the maximum values.
To evaluate the technical condition of the brake
system was adopted the braking efficiency rate
expressed as a percentage and the difference be-
tween the values of braking forces at the wheels
on the same axle. However, when assessing the
technical condition of the car in terms of safety
of the braking maneuver, taking into account the
calculated value of the index of effectiveness can
be insufficient. The braking process is influenced
by: the condition of the tires, the condition of the
suspension system of the vehicle, the state of the
road surface and the quality of brake fluid. This
last factor, both in workshop and research prac-
tice, is often an overlooked factor, despite the fact
that it has a major impact on road safety.

The parts of hydraulic brake system compo-
nents are subject to wear. In the scientific works
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much attention is devoted to such a common
phenomenon as the aging of materials [3, 9, 30],
both from the point of view of knowledge of its
mechanisms and assessment of the impact of
aging on the properties of construction materi-
als [15]. Phenomena associated with aging of
polymer materials lead to the most irreversible
changes of its properties and structure, and de-
terioration of the properties of the material [12].
Wear problem concerns not only components,
but also working fluid or brake fluid. Consump-
tion is caused by the cooperation of the compo-
nents of the system dependent on driving style
and intensity of use of the vehicle. It is therefore
strongly dependent on vehicle velocity and ac-
celeration [19] braking, and driver behavior. The
aim of the brake fluid is to transfer the pressure
from the ABS pump (activated by the driver’s
foot with the participation of assisted system), to
the brake cylinder moving friction component,
in the form of brake pad (in disc brakes) or brake
shoe (in drum brakes) to lead to slow down or
stop the vehicle by friction.

For the smooth functioning of the main brake
system are properties of brake fluid, and therefore
the appropriate level of the brake fluid, its frequent
checking and adding or replacing when the coolant
quality parameters deteriorate. The working tem-
perature of a braking system in normal drive may
be in the range of 300°+700°C [3]. The changing
working conditions of the brake fluid in operation
(absorption of moisture and the ageing processes)
make the periodical change necessary [3].

All those phenomena cause the change of
physical, chemical and rheological properties of
the fluid but it is not sufficient to decide on that
basis whether the fluid change is necessary [3].
Such information may be obtained from the boil-
ing point measurements.

RESEARCH METHODOLOGY

Control tests of state parameters of brake
fluid were carried out on a selected group of 38
vehicles. Vehicles were of different ages and with
different vehicle mileage. The study was con-
ducted in three stages, in annual increments for
the same population of vehicles in operation. The
study involved vehicles manufactured in 2000-
2011. Changes in performance properties of the
liquid were determined by measuring the water
content and the value of brake fluid boiling point.

The water content determination tests were
carried out using an electronic four-diode tester,
and the measurement of the boiling point of the
fluid was carried by 320 BFT brake fluid tester by
ATE. Measurement in both cases was made by im-
mersing the probe in the coolant expansion tank of
the vehicle. BFT 320 ATE tester was characterized
by the precision of the determination of the boiling
point of all types of fluids used in the vehicles and
based on glycol (DOT 3, DOT 4, DOT 5.1).

In the first stage of the study were tested 55
vehicles in order to determine operation param-
eters of brake fluids in the vehicles used. Then,
from among of these vehicles were selected those
which had the highest value of the brake fluid
boiling point, and those in which the fluid was
replaced. In the second and third stage of the test
the measurements had been already carried on a
constant group of 38 vehicles. Vehicle tests took
place in the same period each year (November-
December). The obtained results of measure-
ments of the brake fluid were then analyzed by
statistical tests using the Statistica® program.

The initial stage of the analysis of each trans-
port system were univariate analysis (on one se-
lected features of a statistical nature) [5]. They
provided a starting point for further advanced
analysis. The statistical tool to troubleshoot the
classification in populations is the analysis of
variance. The first step of this analysis is to as-
sess compliance with the normal distribution.
To test compliance with the normal distribution
test was used Shapiro-Wilk’s test. Kotmogorow-
Smirnow’s test was used to assess the types of
one-dimensional distributions of statistical char-
acteristics. Then testing the hypothesis of equality
of the average values in comparable populations
were carried out by means of rank order tests:
Mann-Whitney U test (comparison of 2 trials)
and Kruskal-Wallis test (comparison of more
than 2 trials). This was due to a failure to comply
with the requirements of the classical analysis of
variance. In the analysis of multipartite tables was
used Pearson’s test and y2 statistics of the maxi-
mum reliability. In assessing the correlation was
used Pearson’s linear correlation coefficient.

TESTS RESULTS AND DISCUSSION

The first carried out statistical analysis of com-
patibility assessment of empirical distribution with
normal distribution showed (on the accepted in
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calculating the level of significance p = 0.05), that
for tests 1 and 2 the brake fluid boiling tempera-
ture histogram can be approximated by the normal
distribution, but for the third test the distribution is
not normal. Shapiro-Wilk test statistics for the first
trial was S-W =0.979 at a significance level of p =
0.1378, for the second trial S-W = 0.9690 at a sig-
nificance level of p = 0.3675 and for the third trial
S-W =0.9102 at p = 0.005. Due to the fact that the
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Fig. 1. The histogram of brake fluid boiling tempera-
ture in the test population of vehicles: 1 — normal
distribution density function fitted to empirical data,
a) with the parameters of position 225.89 and scale
18.01 at the 1* trial, b) position 207.13 and scale
16.47 in a 2™ trial, c¢) position 182.35 and scale
10.238 at the 3" trial
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data (for the third measurement of boiling temper-
ature) did not comply with the match to a normal
distribution, was used Kolmogorow-Smirnow’s
test to check how the theoretical distribution best
approximates the results obtained. For distribution
of extreme values the value K-S =0.07112 at a sig-
nificance level of p > 0.20. Figure 1 shows histo-
grams of the obtained results.

In order to check whether the average boiling
temperature of brake fluid differs significantly be-
tween successive tests of vehicles (due to failure
to comply with the classical analysis of variance)
for the investigated samples was used Kruskal-
Wallis rank order test. The results of the test K-W
=56.07361 at a significance level of p = 0.00001
indicate that there has been a significant decrease
of the mean measured boiling temperature of
brake fluid from 225.89°C to 188.47°C. In Fig-
ure 2 is a chart showing the frame-whiskers pre-
senting the dependencies of boiling temperature
of brake fluid on the number of the test. Multiple
comparisons test shows that there are statistically
significant differences between the average values
in the conducted trials: between trial 1 and 2 at a
significance level of p = 0.0016; trial 1 and 3 at a
significance level of p =0.00001; and between tri-
al 2 and 3 at a significance level of p = 0.000276.

The next statistical analysis, using contingen-
cy tables, had to check whether the percentage
content of water in the brake fluid varies signifi-
cantly between trials. The results of obtained cal-
culations indicate (y2 = 44.5744 at a significance
level of p = 0.00001) that there are statistically
significant differences in water content between
the first and second measurement of the water
content in the test brake fluids. The C Pearson’s
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Fig. 2. A graph of dependencies of boiling tempera-
ture of brake fluid and the number of the vehicle test
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Fig. 3. The three-dimensional chart of the water
content of the brake fluid in the test population of
vehicles

contingency coefficient is C = 0.530183, which
confirms an average-strong correlation between
the number of the trial and percentage content
of water in the brake fluid. Figure 3 shows the
graphic interpretation of this correlation in the
form of three-dimensional chart.

Figure 4a) shows the frame-whiskers graph,
which illustrates the correlation of the kilometre
mileage of the vehicle and the percentage content
of water in the brake fluid between the trial 1 and
2. For this trial were no statistically significant
differences. The Mann-Whitney U test param-
eters amounted to Z = 1.7133 at p = 0.08665.

Figure 4b) shows the frame-whiskers graph,
which illustrates the correlation of the kilometre
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mileage of the vehicle and the percentage content
of water in the brake fluid between the trial 2 and
3. The results of the test K-W = 8.02345 at signifi-
cance level of p = 0.0177 indicate that there are
statistically significant differences. Test multiple
comparisons test showed that there is a statisti-
cally significant difference between 1% and 2%
of the percentage of water (p = 0.0155) and the
kilometre mileage of the vehicles between 2 and
3 measurement.

The results of the calculations indicate the lack
of statistically significant differences between the
average boiling temperature of the brake fluid (Z
= 1.49213 at the level of significance p = 0.1356)
and the percentage change in water content in the
brake fluid between the trial 1 and 2. Figure 5a)
shows the frame-whiskers graph, which illustrates
the average temperature dependency of the boil-
ing of the brake fluid and the change of the per-
centage of water content between the trial 1 and 2.

The results of the calculations indicate the
lack of statistically significant differences be-
tween the average boiling temperature of the
brake fluid (Z = 6.2575 at the level of significance
p = 0.0439) and the percentage change in water
content in the brake fluid between the trial 2 and
3. The differences are statistically significant (p =
0.00421) between the content of water of 1 % and
2 %. Figure 5b) shows the frame-whiskers graph,
which illustrates the average temperature depen-
dency of the boiling temperature of the brake
fluid and the change of the percentage of water
content between the trial 2 and 3.

An analysis of the correlations was carried out
in order to check whether the change of the boiling
temperature of the brake fluid depends on the ve-
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hicle mileage between successive measurements.
In Figure 6 is a chart of spread between the change
of the boiling temperature of the brake fluid and
the mileage of the vehicle between successive
measurements. The value of the correlation coeffi-
cient r = 0.09566 at significance level of p=0.411
pointed to the lack of statistically significant corre-
lation for the boiling temperature of the brake fluid
and the kilometre mileage of the vehicle.

CONCLUSIONS

The braking system has an essential role in
the vehicle as one of the most important safety
systems, is also of great importance for road safe-
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ty. As shown in the work the ageing of brake fluid
is relatively quick, as already after three years its
parameters are largely deteriorated. The studies
carried out on the brake fluid have shown the use-
fulness of the methods used to determine changes
in properties of fluids vehicle. It should be note
that the boiling point of the brake fluid in the ac-
tuators (i.e. in the brake callipers) is much lower
than measured in the coolant expansion tank.

The studies have shown that as the increase
in vehicle-kilometer course there is a significant
change in the value of water in the oil brake. It
should be noted, however, that measurement of
the boiling temperature is more accurate method
of determining the quality of brake fluid than the
method for the determination of the percentage of
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water. This is due to the fact of greater sensitivity
of this parameter to change the chemical compo-
sition of the coolant during the kilometre mileage
of the vehicle. Despite its importance the research
on the boiling temperature of the brake fluid is
however very uncommon [17].

The ability to change the frequency of re-
placement of brake fluid, depending on the in-
tensity of use of the vehicle has been shown. In
vehicles with low mileage without placing an
excessive burden on the braking system there is
a possibility to extend the life of the brake fluid
usage [5].

Monitoring of selected parameters of the
brake fluid and its replacement at the right time
ensures not only the correct functioning of the
braking system, but contributes to the elimina-
tion of a failure of the braking system and thus
increases the safety of road users.
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