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Highlights Abstract

» The multiple regression is applied for modelling The paper presents the results of investigations of a railway disc brake system related to the

of brake pad mass wear. mass wear of its brake pads. The tests were carried out on a certified brake stand designed to
determine the friction-mechanical characteristics of the brakes. The test stand was addition-
ally equipped with a thermographic camera to observe the contact points of the brake pads
with the disc. Particular attention was drawn to investigating the impact on the mass wear
* contact surface, thickness and clamping pads of the brake pads of such parameters of the braking process as contact surface of the brake

against the disc do not influence the mass wear pad with the rotor, thickness of the brake pads as the indicator of their initial wear, clamping

of the pads. force of the pads against the rotor, rail vehicle mass to be decelerated, and speed, at which
the deceleration begins. The scientific aim of the paper is to present the relations between
the mass wear of the brake pads and the quantities that characterize the braking process. A
regression model was determined to estimate the wear of the brake pads based on a single

* The speed and the mass have the greatest impact
on the brake pad wear.

* brake pads in a disc brake system do not wear
evenly despite its symmetric lever system.

braking process with the preset input quantities.
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1. Introduction

Emissions from road traffic, in particular, are a major contributor
to ambient dust concentrations. These emissions are targeted at in-
creasingly stringent European emission standards [33]. These legal
restrictions make it possible to reduce exhaust emissions, e.g. from
internal combustion engines of cars. However, environmentalists also
point to emissions from brake wear or tire wear, which in the form of
wear products pollute the environment and are components of dust
and gases in the air. The research by Glisovi¢ et al. [14] shows that
the braking system, in particular friction disc brakes of motor vehicles
or railroads, also causes pollution of the environment due to dusting
in the form of particulate matter (PM) of wear products, which has
an impact on environmental pollution and deterioration of the health
of people staying in the vicinity of vehicles (cars or trains). These
are elements such as antimony and copper in brake shoes, which are
considered to be highly harmful. The emission of particulate matter
(PM) from the braking system depends on the physical and chemical
properties of the friction material and the number of brakes. In rail
vehicle friction brakes, the most significant in the minds of design
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engineers, manufacturers, and researchers is the assurance of friction
characteristics on the level compliant with the UIC or EN-PN require-
ments [42, 43]. This is very important in terms of brake efficiency,
that is, the braking distance, which is the key factor in ensuring that
the vehicle stop is successfully in any weather conditions and regard-
less of the condition of the railway infrastructure. The characteristics
of friction material wear are determined in test stand investigations. In
their laboratories, for example, Knorr-Bremse in Munich and Lumag
in Budzyn, manufacturers of brake pads select such a composition
of the friction material as to obtain a compromise between friction-
mechanical characteristics and wear. Recently, environmental aspects
have also been taken into account. The first action in this matter was
the elimination of asbestos from friction materials due to its carci-
nogenic nature (as confirmed in the 1970s of the last century [5, 6]),
although, in connection with the copper fibers, it forms the best fric-
tion material in terms of resistance to high temperatures and stability
[7, 28]. Since then, engineers have been searching for new materials
that would replace asbestos while maintaining its friction character-
istics [2]. Research is being conducted on the influence of asbestos-
free particle size in the range of 125-710 um on brake pad wear [3,
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49]. The environmental emission of the friction products generated
by brake systems was a subject of many works [4, 14]. Attention was
drawn to questions related to environment pollution as well as the
impact of wear products on human health [30], including airborne
particles [27, 47] and solid particles that are particularly toxic to hu-
mans and animals [25, 26]. Furthermore, used brake pads, regardless
of the intensity of wear, in the form of a steel plate and the remaining
friction material as waste, are subject to disposal [46]. To reduce the
said impacts, additional actions were initiated to eliminate or reduc-
ing the use of copper in the production of friction materials [22, 25].
Many scientific centers have attempted to replace toxic and hazardous
components with new organic materials based on modified phenolic
and epoxy resins [3, 16], basalt and glass fibers [20], low-content
copper fibers, for example 7% [40, 51], fibers with palm and other
kernels [30], asbestos-free cane ash sugar as filler [8] or such com-
ponents as titanium [41]. There have also been successful attempts
to use banana peel waste to replace asbestos and traditional phenolic
and phenol-formaldehyde resins [18]. The frictional characteristics of
traditional brake pads indicate that banana peels can be a substitute
for asbestos in the production of pads. In addition, the friction line
wear issues on steel discs with various alloy additives described in
[9]. In the area of novel friction materials, tribological investigations
are underway related to the determination of their friction-mechanical
characteristics, investigating their potential for long-life applications
in varied braking conditions such as heavy rainfall and moisture [11]
without the adverse impact on the natural environment [21, 29, 48].
An important problem discussed in [19] is not only the environmental
impact of the particulate matter and volatile particles generated dur-
ing braking but also their impact on the brake system itself and the
friction characteristics related to its efficiency.
These investigations also address the require-

ments in terms of vibration and noise gener-

ated by the brake systems described in [22].

In [34, 35], the authors also indicate the rela-

tions between the mass wear of the brake pads

and the vibroacoustic signal generated by the

disc brakes. All the addressed problems require

knowledge of the mechanism of friction and

wear of the friction materials described in [1,

12, 24], which papers, in addition to models of
friction and wear, also rely on stationary tests

performed under test stand and actual operating

conditions [39]. Other researchers [17, 38, 50]

have presented results of FEM numerical simu-

lations of brake pads for different friction ma-

terials using Archard and Euler wear equations.

The wear of the brake friction components in
railway vehicles is particularly important for the
owners of the rolling stock for whom the pur-

chase of friction materials is a significant operational cost. In the case
of electric trains or electric locomotives, the wear of friction pads can
be reduced owing to the nature of operation of their brake systems. In
these vehicles, most of the braking power comes from the electrody-
namic (frictionless) brake, utilizing electric motors as generators that
provide additional force. Only in the final phase of braking, due to the
characteristics of the electric motor, is the insufficient braking force
supplemented with the friction brake. The share of the electrodynamic
brake compared to the friction one is approximately 80/20%. In this
area [32, 45], many research centers conduct their research on the
continuous increase in the efficiency of electrodynamic brakes. This
applies to the storage of braking energy in new technology for exam-
ple CLAB or supercapacitors [10], the installation of wind turbines
along railway tracks to supply traction [31], the creation of new train
schedules to reduce the use of brakes or to increase the efficiency
of the recuperation process [44]. The use of electrodynamic brakes
significantly reduces the emission of particles and gases generated
by friction brakes, which significantly reduces the mass wear of the

brake pads in pneumatic or electro-pneumatic brake systems. The au-
thors, based on their research, present the results of the quantitative
wear of the friction material in the form of particulate matter (PM)
from a single braking with different braking process configurations
(speed, pressure, or mass to decelerate). On this basis, an attempt was
made to model the weight consumption of the brake pad. The model
presented in the article applies to particulate matter (PM) due to meas-
urement of the weight wear of the friction material. The developed
model of friction pad wear, e.g. for constructors of the braking system
or railway carriers, with known speed limits on the route, will allow
one to calculate the weight consumption of friction materials emitted
to the natural environment.

In further works of the authors, it is planned to expand the model
of weight wear of friction pads with new variables. Many disc brake
system designs feature perforated or split brake discs. These are solu-
tions that improve assembly or heat exchange. However, they increase
the wear of the friction pads.

3. Research object and methodology

The investigations of the mass wear of the brake pads were car-
ried out on a certified inertia brake test stand located at ukasiewicz
Poznaski Institute of Technological Sciences (Poznan Technological
Institute). The test stand for railway disc brakes is shown in Fig. 1.
This test stand allows performing friction-mechanical tests of rail
vehicle pads brakes and disc brakes under conditions reflecting the
actual operating ones when decelerating a rail vehicle. During these
investigations, the authors additionally applied a Flir e60 thermo-
graphic camera to monitor the temperature distribution on the brake
pads after braking.

Fig. 1. The test stand for railway disc brakes: a) view on the operational part of the test stand with the
rotating masses, b) view of the investigated disc and the thermographic camera.

The investigations were carried out according to the principle of
active experiment according to the methodology described in the ar-
ticles of Gowacz et al., Rymaniak et al. and Sawczuk et al. [15, 33,
37]. Throughout the investigations, the input parameters were pur-
posefully modified (the initial parameters of the braking process) and
their influence on the change of the output parameters (mass wear of
the brake pads) was observed. The investigations were carried out on
organic brake pads type 175 and 200 (Fig. 2) mating with a ventilated
brake disc of 640%110 in size made of grey cast iron. Figures 2, ¢) and
Figure 2, d) present the view of the reverse side of the brake pads with
the fitting elements. Apart from the area of the contact surface (175
or 200 denotes the contact surface area with the disc in cm?), a sig-
nificant difference among the brake pads is the length of the guiding
elements on the reverse side of the pad to be fitted to the holders.

Assingle set of brake pads includes 4 type 175 or 200 pads. FR20H.2
pads, according to the manufacturer’s procedure and the requirements
indicated in UIC Code 541-3 [42], were made from a thermosetting
resin, synthetic elastomer, metal and organic fiber, and friction modifi-
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view from the disc contact side, c) type 175 view from the reverse side, d) type 200 view from the

reverse side

ers. During the tests on the test stand, two types
of pads, three sets each of different thicknesses
(indicating their initial wear). The first set were
new pads of the thickness of 35 mm, the second
and the third were pads worn to the thickness of
up to 25 and 15 mm, accordingly.

The investigations were carried out accord-
ing to the UIC 541-3 [42] chart in terms of the
selection of the pad clamp force and the mass
to be decelerated per one brake disc [42]. Pa-
rameters modified during the tests were: thick-
ness of the brake pads, speed at which the brak-
ing was initiated (v= 50, 80, 120, 160 and 200
km/h), the clamping force of the pad against the
disc (V= 16, 25, 26, 28, 36, 40 and 44 kN) and
the mass to be decelerated per single brake disc
(M=4.4,47,5.7,6.7 and 7.5 t).

Before the initiation of the actual tests, a
series of braking was performed to run-in the
pads. According to [42], preliminary braking
is to continue until the brake pads are worn on
more than 75% of the surface. After each brak-
ing, the pads of a given thickness, preset speed,
clamping force, and mass to be decelerated were
weighed on an electronic scale of the accuracy
of 1 gram. During the friction-mechanical tests,
the authors carried out 150 instances of braking
excluding the braking related to the running-in
of the pads.

4. Test results and analysis

During tests stand investigations , attempts
were made to determine the relation of the
mass wear of parameters the pads as a function
of such as brake pad contact surface area with
the disc, initial speed of deceleration, clamping
force of the pads against the brake disc and the
mass to be decelerated per single brake disc. In
the first place, for different combinations of the
clamping force and pad thickness, the authors
determined and validated the mass wear incre-
ment of the pads as a function of the running
speed, at which the deceleration was initiated.
Table 1 contains selected results for the meas-
urement of mass wear (in grams) of the pads for

one of the selected combinations.

When analyzing the results presented in Ta-
Fig. 2. Brake pads used in the investigations: a) type 175 — view from the disc contact side, b) type 200 e 1, the authors have concluded that the mass

wear of the pads increases along with the initial
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Fig. 4. The relationship of brake pad wear as a function of initial speed at N=28 kN and M;,=6.7 t, braking
with: a) new 35 mm brake pads, b) 25 mm brake pads, c) 15 mm brake pads

Table 1. Mass wear (in grams) of the brake pads after braking to a complete stop

Force N=28 kN, mass to be decelerated M, =6.7 t Force N=40 kN, mass to be decelerated M, =6.7 t
Initial speed Pad thickness Initial speed of Pad thickness
of decele- decele-ration,
ration, km/h G1=35 mm G,=25 mm G3=15 mm km/h G1=35 mm G,=25 mm G3=15 mm
50 0 0 0 50 0 0 0
80 1 1 1 80 1 1 1
120 2 2 3 120 3 3 3
160 4 5 5 160 6 6 7
200 9 10 10 200 12 13 14

EkspLoaTAcIA | NiEZAWODNOSC — MAINTENANCE AND RELIABILITY VoL. 24, No. 3, 2022

421




speed of the braking, the clamping force, and the initial wear of the
pads.

Figures 3 and 4 graphically present the relation of pad wear and
the initial speed with a proposal of an approximating function. For
the square, power and exponential functions, the authors verified the
fitment of the test stand results to the regression model based on the
coefficient of determination R*. The values of the coefficients for indi-
vidual regression functions have been included in the graphs (in Figs.
3 and 4).

When analyzing the results presented in Figure 3 and Figure 4, the
authors have concluded that irrespective of the clamping force ap-
plied to the disc, mass to be decelerated and pad thickness, the mass
wear as a function of speed, at which the deceleration initiated, it is
possible to model utilizing a regression square function. In each case,
the authors obtained the highest coefficient of determination in the
range 0.98-0.99.

Figure 5, for selected braking combinations, presents the mass wear
of the pads as a function of speed, at which the braking starts and pad
thickness for a given clamping force and mass to be decelerated.

o

Brake pad wear [g]

Thickness of
35 the pads [mm]

&
=

Brake pad wear [g]

Brake pad wear [g]

25
hickness of
80 35 the pads[mm]

Iniatial speed of braking [km/h] 50 Iniatial speed of braking [km/h]

Fig. 5. Mass wear of the pads at: a) N=40 kN, M,=6.7 t, b) N=28 kN, M;,=6.7 t, c) N=16 kN, M;=4.7 t,

b) N=26 kN, M;=4.7 t

The test stand investigations carried out in the number of 150 brak-
ing instances at different combinations of speed, clamping force, mass
to be decelerated, and pad thickness confirm the relation (strong rela-
tion, a square function that can be modeled) between the mass wear
of the brake pads and the input (preset) brake parameters.

5. Modelling of brake pad mass wear

Based on the results of the brake pad mass wear investigations, the
authors attempted to model this wear based on the following input
parameters: contact surface area of the brake pads with the disc, brake
pad thickness, clamping force of the pad against the brake disc, rail
vehicle mass to be decelerated per single brake disc and the speed at
which the braking initiates.

For modeling of the brake pad mass wear, a multiple regression
model was applied, otherwise referred to as multinomial regression.
This is a method in which the value of random variable Y depends on
the k-th independent quantity (X, X5, ... X;). Based on a given sample
of results, according to [13], the authors determined the invariable
parameters f3, f;, ... By utilizing the least squares. For the determina-

80

tion of the mass wear of the brake pads, the following relation was
proposed:

G =BiPo+BaGo + BN + BuM ), + Psv+ P + By [g] (D

where: PO - the contact surface area of the pad with the disc (4x175
cm?, 4x200 cm2); G, — thickness of the pads (new G,=35 mm, worn
to G,=25 mm and G5=15 mm); N — clamping force of the pad against
the disc (N=16, 25, 26, 28, 36, 40 and 44 kN); M;, — mass to be decel-
erated per single disc (M}=4.4;4.7;,5.7; 6.7 and 7.5 t); v — initial speed
of braking (v=50, 80, 120, 160 and 200 km/h).

The multiple regression for model (1) were calculated according to
relation (2) [23].

n

(oo 3)
(o3 S5

—

r=

2

I |

|

where: x — average values of quantity x and
quantity y; y;, X; — descriptive variables.

I DM

At the same time, the authors introduced a
validation of the empirical model described
with relation (3) and the significance of the sys-
tem of individual coefficients of regression was
verified. When validating the empirical model
described with formulae (3) and (4), statistical
tests were performed. Based on the example of
mass wear, the statistical hypothesis related to
the significance of the system of coefficients of
regression was formulated as follows.

Thickness of

35 the pads [mm]

50

H BE=0;(k=0,1,2,...6)

0

3)

o -
k

I =

H;: i BE#0;(k=0,1,2, .., 6)
k=0

“)

Rejecting Ho, he denoted that there are

statistical grounds to assume a linear relation

between the dependent and at least one explanatory variable. In the

regression model significance test, the ' Snedecor distribution was

applied.

For the determination of the the significance of individual coef-

ficients of regression, hypotheses described with the following rela-
tions were formed:

H, : B, =0; %)

H; : B #0. (6)

For testing of hypotheses related to the significance of individual
regression coefficients, a t-Student distribution was applied. If signifi-
cance F is lower than the assumed level of significance a (¢=0.05),
there are grounds to reject the zero hypothesis and adopt the fact that
there exists a linear relation between the dependent variable and all
explanatory variables.

422

ExspLoaTac)a | NiEzawobNosc — MAINTENANCE AND ReLiaBILITY VoL. 24, No. 3, 2022




Table 2. Results of the statistical test for the pad wear model of a disc

Table 3. Results of the statistical test for the brake pad wear model of a

brake disc brake after validation of its coefficients
Coefficient Value Value F’ Coefficient Value Value F’

P1 -2.11:107 0.24 p1 9.00:1072 6.09:107°
Ba -3.40-1072 0.12 B 1.16 3.04-107"
P3 9.12:107? 4.56:107 P3 -4.94-1072 1.37-107*
Pa 1.17-107 2.15:10™ Pa 48610 2.15:10™
Ps -4.94-107 1.32:1072 Bo -8.11 4.89:107
Be 4.86:10™ 416107 R? 0.80
Bo -3.22 0.39 F 2.67 10750 )
R? 0.81 *significance for individual coefficients of regression
F 6.31-10% ** significance for the entire system

* significance for individual coefficients of regression

™" significance for the entire system The final form of the mass wear based on the preset quantities

The values of the multiple regression function coefficients along
with the coefficient of determination R’ for the pad mass wear model
after performing the statistical tests are presented in Table 2.

When analyzing the results of the statistical test contained in Ta-
ble 2, the authors observed that some of the coefficients (5, £, and
[,) of the model described with formula (1) do not meet the assumed
level of significance a=0.05. The said coefficients were removed and
the multinomial regression was determined anew, excluding the vari-
ables related to the contact surface area of the pad with the disc (P,)
and the thickness of the pads (G,). The results of the statistical test for
the pad wear model after validation of its coefficients are presented
in Table 3.

Table 4. Correlation matrix for the model of mass wear variables

describing the braking process upon validation of the parameters of
the multiple regression model is presented by the relationship:

€, =9.00-107N +1.16M;, —4.94-10 v +4.86-10"* -8.11 [g]
™

Then, the Pearson coefficient of linear correlation (Table 4) was
validated for the analysed variables (clamping force of the brake pads,
mass to be decelerated, and the speed, at which the braking initiates)
upon validation of the coefficients of the brake pad mass wear model.

When analysing the values of the coefficient of correlation in Ta-
ble 4, the Authors observed that changes in the pad mass wear were
most significantly influenced by braking speed of the onset of brak-

Clamping force N 1 0.29 0 0 0.24

Vehicle mass to be decel- 0.29 1 375.10-17 9.09-10-18 032
erated M},

Speed v 0 3.75-107"7 1 0.98 0.78

Square speed v? 0 9.09-107'® 0.98 1 0.81

Coefficient of correlation 0.24 0.32 0.78 0.81 1.0

10°C b)

30°C

Fig. 6. View of the set of brake pads after: a) thermographic examination, b) friction-mechanical

tests after braking from the speed of 120 km/h

ing (7=0.81), which confirms a strong dependence of g,,
on v. The clamping force N of the pads and the mass
M, to be decelerated have an insignificant impact on the
changes of g,,. The coefficient of correlation in the case
of these variables falls in the range of 0.2-0.4.

The thermographic investigations carried out paral-
lel to the friction-mechanical ones have shown the un-
even contact surface area between the pads and the disc,
as shown in Fig. 6. After each braking, the pads were
removed and a thermographic image was recorded in
order to determine the temperature distribution on the
brake pads.

The regression model described with Formula (7) re-
fers to determining the mass wear of the set of brake
pads (4 pcs.) after a single braking from the preset speed.
Thermographic examinations have proven that the tem-
perature of the friction elements of the pads is not the
same throughout their entire surface. The maximum
temperature was +109°C in the upper section of the left
brake pad, while the lowest recorded temperature of the
brake pad was +62°C in the lower section of the right
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brake pad. The problem of uneven distribution of braking forces was
attributed by Sawczuk et al. [36] to changes in the geometry of the
lever system and an uneven distribution of the masses on the left and
right sides of the level system.

By analyzing the results of the friction pad weight wear of the
friction pads after 150 brake applications, in relation to the proposed
mass wear model described by the relationship (7), a good and satis-
factory precision of the model in relation to the results of research. It
was established on the basis of the coefficient of determination for the
entire model, taking into account all variables after their verification
(Table 3). The determination coefficient for the model was 0.80.

8. Conclusions

In the paper, the authors presented the results of investigations of
the mass wear of brake pads on a certified test stand for testing disc
brakes of rail-vehicles. Based on the friction-mechanical tests, after
150 instances of braking with different combinations of such param-
eters as, inter alia, clamping force, speed, or vehicle mass to be decel-
erated, a regression model was made of the mass wear (expressed in
grams) of the brake pads after each instance of braking.

Based on the investigations performed and modelling of the brake
pad wear the following have been confirmed:

1. Of the braking process parameters, the most significant impact
on brake pad increase in the mass wear is the initial speed of
the deceleration with the coefficient of great correlation of the
regression model 7=0.80 and the vehicle mass to be deceler-
ated with the small coefficient of correlation 7=0.32.

References

2. The clamping force of the pads against the brake disc has a
small influence on the mass wear of the brake pads with the
minor coefficient of correlation 7=0.24.

3. Such parameters of the process as the contact surface area of
the pad with the disc and its wear, as defined by the measure-
ment of its thickness, do not influence the regression model,
and thus have no impact on the increase in the pad mass wear.

4. Based on data from the vehicle’s driving route, the number of
brakes and stops, the brake wear model of the pads allows the
calculation of the particulate matter (PM) . emitted into the
environment from the friction material on the basis of a single
braking.

5. Observation of the surfaces of the friction pads after each in-
stance of braking using a thermographic camera has proven an
uneven distribution of forces applied to the brake pads, as has
already been discussed in other authors’ works, e.g. [36].

In further work, in order to model the wear of brake pads, the au-
thors plan to include more variables from the group of parameters
related to the braking process such as perforation of the brake disc.
This type of brake disc is often used in motor vehicles and, despite the
improved contact of the pads with the disc, a significant increase in
the wear of the brake pads is still possible.
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