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RELIABILITY MODELING OF THE BRAKE DRUM IN
AUTOMOTIVE BRAKING SYSTEMS
Cati¢ D., Cati¢ V.
SUMMARY

This paper presents research findings related to the reliability analysis of the brake drum in
the braking system of light commercial vehicles. The introductory section highlights the
importance of motor vehicle braking systems for the safety of both people and vehicles in
traffic. In heavy motor vehicles, drum brakes are used as the actuators of both service and
parking brakes. In order to assess the reliability of the brake drum, it is essential to understand
the operating principles of drum brakes, their operating parameters, working conditions,
failure causes and mechanisms, as well as other relevant information regarding the operation
of the considered component. Reliability modeling of the brake drum was conducted based on
failure data collected during the operational phase. For the purpose of reliability modeling,
the three-parameter Weibull distribution was used due to its generality and flexibility in fitting
empirical data. The theoretical distribution model was tested using graphical methods and
non-parametric statistical hypothesis tests. The conclusion emphasizes the importance of
reliability assessment, the potential applications of the obtained results, and directions for
future research in this field.

Key words: reliability, motor vehicles, brake drum, Weibull distribution

1. INTRODUCTION

Braking systems in motor vehicles represent a typical example of complex vehicle systems
whose structure is determined by the complex target function defined by the applicable
international and national regulations on vehicle traffic safety [1, 2]. The main subsystems of
the braking system are [3, 4]: the service brake, the auxiliary brake, the parking brake, and, in
heavier motor vehicles, the supplementary brake or retarder. Structurally, the subsystems of the
braking system are generally designed in the same way. They consist of the control unit, the
transmission mechanism, and the brake itself. Brakes, as the actuators of individual
subsystems, have a particularly important role in considerations of the reliability of motor
vehicle braking systems due to their operating conditions and their influence on vehicle safety.
Despite sharing the same fundamental physical operating principle, the design solutions for
brakes can differ. In motor vehicles, two basic types are used: drum (radial) brakes and disc
(axial) brakes. As actuators for the brakes on the rear wheels of commercial vehicles, drum
brakes are most commonly used. Due to their favorable characteristics, these brakes are also

1 Dobrivoje Catié, Full Profesor, Faculty of engineering, University of Kragujevac, 34000 Kragujevac, 6
Sestre Janji¢ Street, Serbia, caticd@kg.ac.rs

2 Vladimir Catz'é, Software engineer, HTEC Group, Bulevar Milutina Milankovica 7DJ, Belgrade 11070,
Serbia, vladimir.catic@htecgroup.com
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used on the front wheels of heavy motor vehicles. Since the rear-wheel brakes also serve as the
actuators of the parking (auxiliary) brake, the importance of drum brakes for the reliable and
safe operation of motor vehicle braking systems is evident.

For modeling the reliability of the brake drum in the braking system of light commercial
vehicles, the Weibull distribution was applied. The mathematical form of this three-parameter
distribution enables its use for modeling reliability in all three periods of the service life of
machine elements [5]. Analytical determination of the parameters of the three-parameter
Weibull distribution was carried out using the least squares method and appropriate computer
software [6]. In addition to graphical tests, the Kolmogorov and Pearson non-parametric
statistical hypothesis tests were used to evaluate the approximate model.

2. STRUCTURE AND FAILURE ANALYSIS OF DRUM BRAKES

Figure 1 [7] shows the parts of the drum brakes that are installations on the front wheels of
light commercial vehicle manufactured by "Zastava Iveco trucks" in Kragujevac. Similar
solutions of drum brakes are applied also on the rear wheels. The difference between these
constructions is in existence of a lever mechanism on the rear brakes, which allows the use of
these brakes as the parking (auxiliary) brakes.

7/ 9/ 6 3 4

Fig. 1. Front wheel drum brake parts. 1 - Baking plate, 2 - Drum, 3 - Carrier part shoe, 4 -
Friction lining, 5 - Rivet, 6 - Brake adjuster, 7 - Elements for holding the shoes, 8 - Shorter
return springs, 9 - Longer return spring

The drum brake consists of fixed and moving components [2]. The fixed components are
attached to the vehicle’s supporting structure via the backing plate (1), while the movable drum
(2) is mounted on the wheel hub and secured with bolts. Friction elements of drum brakes are
two symmetrically placed brake shoes and drum. The shoes of drum brakes consist of a metal
carrier (3) and a lining made of friction material (4). The connection between the metal part
and friction lining can be achieved by riveting (rivets (5)) or bonding. Brake shoes of simplex
brakes are supported at lower ends, and in particular, at drum brakes shown in Figure 1, on
clamping of the brake adjuster (6). Activation forces act at the upper ends of shoes and break
them apart, which results in friction force between the drum and brake linings. Main task of
elements for holding shoes (7) is to ensure the specific position of shoes, so during brakes
activating, the brake is as quickly and better brought into contact with the drum. Return springs
(8) and (9) hold the shoes attached to the supports and during releasing they return shoes to the
starting position. Drum brakes can be activated either hydraulically or mechanically. When a
hydraulic transmission mechanism is used for the service brake on motor vehicles, the shoes
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are actuated by a hydraulic cylinder, which is screwed to the backing plate.

In drum brake systems for motor vehicles, as with disc brakes, either complete or partial
failures may occur [8, 9]. Complete failures, which are rare, arise when the brake is unable to
generate any braking torque. Partial failures, on the other hand, lead to a significant
deterioration in the drum brake’s operating characteristics, including braking torque, operating
temperature, braking uniformity, and the intensity of noise generated during braking.

Failures that lead to a reduction in braking torque are commonly referred to as friction failures.
These can be either permanent or transient. Permanent friction failures of a drum brake may
result, among other causes, from damage to the drum and the brake shoe linings. The most
common types of damage to the brake drum of motor vehicle braking systems occurring during
operation are [10]: cracked drum, cracks caused by overheating, contamination of the friction
surface with grease, occurrence of martensitic spots, deep grooves on the sliding surface, blue
discoloration of the sliding surface, polished surface, drum deformation, excessive wear,
thinning of the drum, circumferential cracking of the drum’s mounting ring and radial cracking
of the mounting ring at the bolt holes.

3. ASSESSMENT OF RELIABILITY INDICATORS AND
DETERMINATION OF WEIBULL DISTRIBUTION
PARAMETERS

As part of research into the reliability of the braking system of light commercial vehicles,
operational testing of the brake drum was carried out. By testing machine elements and
systems for reliability assessment under actual operating conditions, a realistic picture of their
behavior with respect to the loss of operational capability is obtained. Based on the results of a
detailed analysis of brake drum damage and its effects on braking system performance, it can
be concluded that, according to the possibility of restoring operational capability, damaged
brake drums can be classified as: irreparable, conditionally repairable depending on the extent
of damage, and repairable. In cases where repair is possible, appropriate maintenance measures
are used to restore the drum’s operational capability. It should be emphasized that the collected
data refer to the operating time corresponding to the total service life of the brake drum, i.e.,
the time until its decommissioning. Since the degree of damage to motor vehicle components
is, in most cases, a function of the total distance traveled, the “operating time” until brake drum
failure is expressed in kilometers traveled. During the testing, a total of » = 55 data points were
collected on the operating time until failure of the brake drum in the braking system. Based on
the expression z =1+ 3.3logn for calculating the number of intervals for grouping the values

of a random variable in the case of a large sample, the rounded result is 7 intervals. The
calculated interval width is Ar = 80,000 km, determined from the maximum and minimum
values of the random variable. The obtained operating times until brake drum failure are
grouped into time intervals and presented in Table 1.

Tab. 1. Number failure of brake drum of braking system in time intervals

Distance
travelled 40+120 | 120+200 | 200+280 | 280+360 | 360+440 | 440+520 | 520600
[103 km] : . : + + * N
Number of 7 16 18 8 3 1 2
failure

Using the software for determining the theoretical model of an empirical distribution, described
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in detail in [5], the following numerical characteristics of the statistical series were obtained:
mean value #j;77F = 232,727 km, standard deviation ¢ = 110,296 km, median ¢59 = 220,000

km, mode ¢,, = 213,333 km, coefficient of skewness Cy = 0.9959, and coefficient of kurtosis Cy

= 4.1465. The relationship between the mean value, median, and mode of the random variable
operating time until brake drum failure, indicates a positively skewed empirical distribution.
This is confirmed by the calculated value of the skewness coefficient. The calculated value of
the standard deviation of the random variable indicates a large dispersion in the operating time
until brake drum failure.

In continuation of the program, based on the procedures for assessment of functional indicators
of the distribution of the random variable for a big sample (n > 30), for number of failures
m(t;), estimated values of the number of correct objects n(t;), the reliability R(z), the
unreliability F(z;), density of operation time until failure f{z;) and failure intensity 4(z;) of brake
drum of braking system are gained for middles of time intervals #; and given in Table 2.
Tab. 2. Estimated values of functional indicators of the distribution of the random
variable
m; t; n(t;) R(t) F(t) f(t;) h(t;)
7 | 80,000 | 51.5 | 093636 | 0.06364 | 0.15909E-02 | 0.16990E-02
16 | 160,000 40.0 0.72727 0.27273 0.36364E-02 0.50000E-02
18 | 240,000 23.0 0.41818 0.58180 0.40909E-02 0.97826E-02
8 320,000 10.0 0.18182 0.81818 0.18182E-02 0.10000E-01
3 400,000 4.5 0.08182 0.91818 0.68182E-03 0.83333E-02
1 480,000 2.5 0.04545 0.95455 0.22727E-03 0.50000E-02
71 2 560,000 1.0 0.01818 0.98182 0.45455E-03 0.25000E-01

Illustrations of graph charts of estimated values of density of operation time until failure f{(z),
and failure intensity /(¢), of brake drum, in the form of histograms and polygons, are given in
Figure 2. In rough assessments, theses graph charts may serve for determination of
hypothetical distribution models. The positively skewed shape of the probability density
function (Figure 2a)) is characteristic of the Weibull, Rayleigh, and lognormal distributions.
Based on the graph of the estimated failure rate (Figure 2b)), it can be concluded that the
failure rate is increasing, which is characteristic of the aging period of components.

AN N B W ==

45 30
4| 5
3.5
34 20
2 237 / \ S 15
N 24 #
# 2
g 15 I 104
1] \ N
0.5
0 I | 0
40 120 200 280 360 440 520 600 40 120 200 280 360 440 520 600
Distance traveled [1000 km] Distance traveled {1000 km]
a) b)
Fig. 2. Diagrams of estimated values for distribution of: a) density and b) intensity of brake
drum failure
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Analytical determination of the parameters of the Weibull distribution was performed using the
least squares method with the aid of computer software. By approximation of empirical
distribution of operation time until failure of brake drum of braking system by the three-
parameter Weibull distribution and by using a computer program whose algorithm is presented
at work [6], after 17 iterations by halving the intervals and determination of a sign of second
derivative a, equations of the approximate parabola y = @y + a;-x + a,-x’, the parameters of

the distribution are obtained: location parameter y = 35,186 km, scale parameter n = 224,085
km and shape parameter f = 1.714. Based on this, the expression for probability of faultless
operation of brake drum is:

_(HJﬂ _(t_35,186J1.714 0
R{)=e \ 1) = 224085
During determination of proper function probability of brake drum and all other functional

indicators of reliability derived from expression (1), time ¢, is expressed in kilometres of the
distance passed.

4. TESTING OF THE WEIBUL APPROXIMATE DISTRIBUTION

In order to determine validity of approximation, graphical testing over probability paper for
Weibull distribution and nonparametric testing were conducted using tests of Kolmogorov and
Pearson. Figure 3 a) presents arrangement of points with transformed x and y coordinated for
particular value y = 35,186 km on probability paper for Weibull distribution. Linear
arrangement of the points in Figure 3 a) suggests that the approximate model satisfies conditions
of graphical testing.

2.0 1.0 :
= Fe(t "
0.9 ® > P/“
i * Fi(t) =
1.0 -
0.8 ’
’)
0.0 0.7 -
— - 0.6
T-1.0 ¢ s
= k0.5
-2.0 0.4 -
0.3 -
3.0 -
0.2+
-4.0 T T T T T 1 0'1 Bl
35 4 4.5 5 5.5 6 6 5 0.0 : : : : : :
x(i) 40 1200 200 280 360 440 520 600
Distance traveled 1000 kinl
a) b)

Fig. 3. a) Arrangement of points on probability paper for Weibull distribution, b) Graphical
representation of deviations of Weibull approximate distribution from empirical distribution

For testing of hypothetical distribution model, according to Kolmogorov test, it is necessary to
determine the greatest absolute value of difference between theorctical model and estimated
values of distribution functions of operation time until failure. Table 3 contains a segment of
output list of a program that relates to this part. Figure 3 b) presents graphical representation of
deviations of theoretical approximate model F(7), from empirical distribution F(%).
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Tab. 3. Deviations of Weibull approximate curve F(t) from estimated values of
distribution function F,(1) of operation time until failure

1 t; Fe(ti) Ft(ti) delta
1 80,000 0.0636 0.0614 0.0022
2 160,000 0.2727 0.3070 0.0343
3 240,000 0.5818 0.5756 0.0062
4 320,000 0.8182 0.7787 0.0395
5 400,000 0.9182 0.9003 0.0179
6 480,000 0.9545 0.9608 0.0062
7 560,000 0.9818 0.9864 0.0046

As it may be seen from Table 3, the largest deviation of theoretical model from empirical
distribution is for the result No. 4 and amounts to 0.0395. For number of samples, n = 55 and

given level of significance for Kolmogorov’s test, @ = 0.20, A, = 1.07 permitted value of
difference is [11]:

Ay 107

N

Since the maximal deviation is less than the permitted value of the difference, the Weibull
approximate distribution satisfies the Kolmogorov test for the adopted level of significance.
Based on the Kolmogorov test table, it can be concluded that the considered theoretical model
could also be accepted for a much higher significance level a.

D —(0.1443. @)

For non-parametric testing of the Weibull approximate distribution, the Pearson test (> test)
was also applied [11]. In the case of a large sample, the data in Table 1 are already grouped
into intervals of equal length. The condition for applying the Pearson test is that each interval
(class) contains at least five values of the random variable. Therefore, intervals 5, 6, and 7 were
combined. The cumulative frequency for these three intervals is 6. Table 4 presents the
empirical and theoretical frequencies of the random variable by class. The theoretical
frequencies for each class were calculated based on the sample size n and the theoretical
probabilities of the random variable within the intervals (p;). The calculated comparative
measure of deviation between the theoretical and empirical models for this test is ¥ = 2.88.

Tab. 4. Empirical frequencies f, theoretical frequencies f;, and the calculated y’ test

value
Class Value V)
number intervals f; pi fi =n-p; M
x 10° fii

1 40+120 7 0.170947 9.4021 0.6137

2 120200 16 0.273695 15.0532 0.0595

3 200280 8 0.241661 13.2910 1.6684

4 280360 8 0.161158 8.8637 0.0842

5 360600 6 0.143500 7.8945 0.4546
r ¥ =2.88

n=7y f; =55
i=l1

10
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In non-parametric testing of approximate theoretical models using the ¥* test, the first step is to
establish the hypotheses. The null hypothesis is usually taken to be that the approximate
distribution satisfies the test, while the alternative hypothesis is that it does not. The rejection
criterion for the null hypothesis is as follows: if the calculated value of the statistic test ¥ is

greater than the tabulated value ;(02(’\, for the adopted risk level a and the calculated number of

degrees of freedom v, the theoretical model is rejected as inadequate. The number of degrees of
freedom for the Pearson test is calculated using the formula:

v i1, 3)

where 7 is the number of classes into which the values are grouped, and / is the number of
parameters of the tested theoretical model.

In the specific case of the three-parameter Weibull distribution, the result is: v=5—3—1=1. The
relatively small number of classes into which the values of the random variable are grouped,
combined with the three distribution parameters, has led to a significant tightening of the test
criterion. Primarily for this reason, the maximum risk level at which the rejection criterion for
the null hypothesis is not met is only a = 0.05. The corresponding tabulated test value is

;(3.05’ | =3.841. This means that if values of a greater than 0.05 are adopted, the Weibull

approximate distribution is rejected as inadequate. For values of a less than or equal to 0.05,
the rejection criterion for the null hypothesis is not satisfied.

5. CONCLUSIONS

Research on the reliability of drum brake components is of great importance for improving
vehicle safety in traffic. Determining the theoretical model of the reliability distribution law for
the brake drum enables the planning of maintenance measures, the scheduling of spare parts
production, the determination of the optimal warranty period for the component in question,
and more.

Determination of the parameters of the Weibull approximate distribution using a computer and
suitable software, unlike graphical or graph-analytical methods, allows for achieving
satisfactory accuracy of results at high speed. Due to this, and owing to the well-known
properties of this distribution in interpreting various laws of random variables, the Weibull
approximate distribution often proves to be the optimal solution compared to other theoretical
models.

Based on the values of the random variable “operating time until brake drum failure,” it can be
concluded that the failures occur during both normal operation and aging periods. This means
that, based on the causes of brake drum failures, the data should ideally be separated according
to the respective period and subjected to separate statistical analyses. This would require
determining the direct cause of each failure, which is practically difficult to achieve.

In future work, it is possible to perform a program-based approximation of the empirical
distribution of brake drum operating times until failure using a larger number of hypothetical
theoretical models. By comparing the results of graphical and analytical non-parametric
hypothesis testing, it is possible to select the theoretical distribution model that shows the
smallest deviation from the empirical distribution according to all or most criteria.
Additionally, systematic collection of data on brake drum failures during operation would
enable the planning and execution of accelerated tests for the reliability assessment of the

11
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considered component. Furthermore, future research could include an analysis of the impact of
human factors, such as operating regimes and maintenance practices, on the reliability and
service life of the drum brake.
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