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Wojciech SAWCZUK

APPLICATION OF VIBROACOUSTIC DIAGNOSTICS TO EVALUATION OF
WEAR OF FRICTION PADS RAIL BRAKE DISC

ZASTOSOWANIE DIAGNOSTYKI WIBROAKUSTYCZNEJ W OCENIE ZUZYCIA

OKLADZIN CIERNYCH KOLEJOWEGO HAMULCA TARCZOWEGO*

Vibrationacoustic diagnostics is increasingly used in new technical facilities to assess their condition. The main advantages of
this diagnosis is the easiness of measurement, high speed transmission of information, the opportunity to assess the state of the
whole or the individual components and high information content of the signal. All these features make it also possible to use WA
diagnostic to assess the state of the braking system components. The article gives the possibility of determining the use of disc
brake friction elements. This can be done on the basis of the analysis of vibration accelerations signals generated by the brake
friction pads. The article presents diagnosis regression models [15] based on the analysis of vibration acceleration signals in the
field of amplitude and frequency.

Keywords: rail brake disc, vibroacoustic diagnostics, amplitude characteristics, frequency analysis.

Diagnostyka wibroakustyczna ze wzgledu na swoje zalety znajduje coraz to nowe zastosowania w obiektach technicznych do
oceny ich stanu. Glowne zalety tej diagnostyki to latwos¢ pomiaru, duza szybkos¢ przekazywania informacji, mozliwosé oceny
stanu catego obiektu lub poszczegdlnych elementow oraz duza zawartosé informacji w sygnale. Wszystkie te zalety sprawiajq, ze
rowniez mozliwe jest zastosowanie diagnostyki WA do oceny stanu elementow uktadu hamulcowego. W artykule przedstawiono
mozliwosci okreslenia zuzycia elementow ciernych kolejowego hamulca tarczowego na podstawie analiz sygnalow przyspieszen
drgan generowanych przez okladziny cierne hamulca. W artykule przedstawiono regresyjne modele diagnostyczne [15] bazujqgce

na analizie sygnalow przyspieszen drgan w dziedzinie amplitud oraz w dziedzinie czestotliwosci.

Stowa kluczowe: kolejowy hamulec tarczowy, diagnostyka wibroakustyczna, charakterystyki amplitudowe,

analiza widmowa.

1. Introduction

Vibrations generated by the braking systems, both in rail vehi-
cles or car have been widely analyzed and presented in the literature
for several decades. Most of the articles raise the problems abrasive
wear [4, 14], but noise and vibration to disrupt the process of braking
and comfort during this process [12]. There are many models that de-
scribe the vibrations generated by the braking systems which include
Rudolph and Popp model [17], North [16] and Millner [21] (flutter
binary model In contrast, a separate issue is the brake vibroacous-
tic diagnostics designed to diagnose selected brake components. The
number of articles in this area is much smaller, which means that the
issue of vibroacoustic diagnostics of the braking system is developed
by few researchers. Works [10, 18] presents the possibility of using
vibrations generated by the brakes to assess the condition of the brake
friction pair, both in design and during utilization of the brakes. Data
acquired during tests certified on the braking positions (In Poland
there are only two positions for the research of railway braking sys-
tems on IPS TABOR in Poznan and Warsaw 1K) and during driving
tests are used for modelling the braking process, as shown in [1, 11]
or predicting the damage [6].

While the diagnosis of the braking systems, the aim is to find the
relationship between system condition and the diagnostic signal, ac-
cording to the equation (1) [5]:

S(0) = P[X(0), Y(O)] + Z(0) (M

where: S(©) = {s; s,..., s,} - diagnostic signal vector,

X(©) = {x,, x,,...,, x,} - condition parameters vector,
Y(©) = {y, y,..., v} - control vector,
Z2(0) = {z;, z,,..., z,} - disruption vector,

2] —operating measure of obsolescence (time or distance)
& - assignment operator.

To describe the signal vector S(@)={s,, s, ..., s,} specifying the
technical condition of the braking system we should use the working
process parameters (eg. the braking torque) and the accompanying
vibrations or noise.

The diagnostic problem of the disc brake system results from
the brake working conditions and its location. In the case of railway
vehicles, the disc brake is mounted on the wheel sets axle between the
wheels (Fig. 1) and it is not visible while servicing the truck. Then

Fig. 1. Railway disc brake on the two-axle bogie: 1 — level mecha-
nism, 2- friction pad, 3 — brake disc

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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it is necessary to enter on the track with the manhole channel for the
inspection of worn friction elements. In the case of cars we meet the
pad wear sensor which is embedded in the friction material at a certain
depth. After reaching the maximum of the permissible wear of the
pad, most often about 2 mm, and after contact of the sensor with the
metal disc, an electrical circuit is being closed, causing the lit of the
control light for the wear of the friction pads.

The aim of the research is to use the vibration signal gener-
ated by the friction pads in the assessment of their wear and setting
the characteristics in the field of amplitudes and frequency during the
tests on inertia braking position.

2. Methodology and research object

The research was carried out at internal station in Institute I[PS TA-
BOR in Poznan for tests of railway brakes. A brake disc type 590x110
with ventilation vanes and three sets of pads type 175 FR20H.2 made
by Frenoplast constitute the research object. One set was new - 35mm
thick and two sets were worn to thickness of 25mm and 15mm. A
reasearch program 2B1 (II) according to [13] was applied. The brak-
ing was carried out from speed of 80km/h and it was the braking with
the constant braking power P=45kW. During the research pad’s pres-
sures to disc N of 28kN was realized as well as braking masses per one
disc of M=6.7T. Vibration converters were mounted on pad calipers
with a mounting metal tile, which is presented in Fig. 2a and 2b.
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Fig. 4. Signal of vibration accelerations registered on pad caliper for different
thickness of pads during braking with the constant braking power

of converter transit amounted to SkHz. Sampling frequency was set
at 131kHz. This means that the frequency that was subject of
the analysis in accordance with Nyquist relation amounted to
65kHz. Do not changed other parameters which braking descent
speed train, pressure pads to disc, the brake weight and braking
time. At the same time, changes occurring in the instantaneous
amplitude of vibration acceleration. This research was carried
out in accordance with principles of active experiment. After
carrying out a series of brakings the friction pads were changed
(without changing the other parameters of braking) and values
of instantaneous vibration accelerations were registered. Figure
4 shows the time analysis of instantaneous vibration accelera-
tion recorded at the pads of friction during braking on a slope.
Then the recorded signals were analyzed in the domain ampli-
tude and frequency.

Fig. 2. Inertial station for tests of railway brakes: a) view of calliper with accelerometr,
b) view of inertial station during diagnostic tests; 1- brake disc, 2- caliper, 3-
accelerometer

During the tests recorded vibration acceleration signals in one di-
rection, i.e. perpendicular to the friction surface of the brake disc. To
acquire vibration signal a measuring system consisting of piezoelec-
tric vibration accelerations converter and measuring case type B&K
3050-A-060 with system software PULSE 16.0 was used. Figure 3
presents the view of the measurement set.

Briiel&Kjer’s vibration converters type 4504 were selected on
the basis of instructions included in paper [3]. The linear frequency

Data
base
signal 1 T
_______________ T AR - | ! ing case
—— B&K 3050-A-060
Tacho Direction  BEKtyped504A
Y2

l

i

i

] System software
i PULSE 16.0
1

1

i

1

s ==
hl%l

Direction
il signal 2

1l

Analysisofthe resultsin the field
amplitudes and frequenciesto evaluate the
wear of the friction pads disc brake

Fig. 3. Diagram of procedures for the selection signal of vibration accelera-
tion at the time of diagnosis of wear of the friction rail brake disc

3. Analysis of the results in the amplitude domain

In domain of amplitudes, the most common are the point
parameters, which are used to describe displacement signals,
speed signals and signals of vibration accelerations. Characterizing
vibration signal with one number is an advantage of point parameters,
thanks to which it is easy to define changes in vibroacoustic signal
resulting from changes in technical condition of the tested object.
Used measurement point in the diagnosis of vibroacoustic, accord-
ing to the paper [18], is divided into dimensional and dimensionless.
To diagnose the wear of friction pads of railway brake the following
dimensional point parameters are applied (2):

T
1
AAVERAGE = 7_“5(’)"' )
0
where: T — average time,
s(t) — instantaneous value of vibration accelerations.

- average amplitude, described with dependence (3):

©)

Apus =
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- square amplitude, describe with dependence (4):

2

!
12
Asouare = ;”S(’N dt 4
0

- peak amplitude, described with equation (5):

1

r "
Appak = l:%“s(’)ro dt} (5)

0

Before calculating point parameters from signals of vibration ac-
celerations in program Matlab, a preliminary processing of signal in
time domain was carried out. The reason of this processing was to
select from the whole registered signal a part connected only with

braking process. This process was also carried out to obtain required
dynamics of changes essential for diagnostic purposes. Defining de-
pendence of friction pad’s thickness on selected point parameters was
carried out through determining dynamics of changes for a certain
parameter, which is presented in dependence (6) [9]:

D= ZOIg[%j (6)

1

where: 4; — the value of point parameter determined for pad G; or G,,
A, — the value of point parameter determined for pad G,.

Figure 5 present dependence of (RMS) value, average value,
square value and peak value of vibration accelerations measure in di-
rection Y, on time brakings during braking with constant power P for
various values of pad wear G with v=80km/h.

The test results after applying the dependences describing meas-
urement point (2-5), and the dependence of the speed of change (6)
shown in Table 1. Based on the results, it was found that the most
sensitive diagnostic parameter defined the dynamics of change for as-
sessment of wear on the friction pads, obtained for the measurement

of vibration acceleration Y, for all
measurement points.

The analysis of results of vibra-

tion tests showed that obtaining de-
pendence of friction pads’ thickness
on the value of point parameters is
possible by measuring vibration in
directions Y; and Y, on a accele-
rometer mounted from the side of
brake cylinder’s case and brake cyl-
inder’s piston rod.

Braking time to analyze in the
field amplitudes is divided into 8
periods of time every 20 seconds to
the total time of analysis t = 160s.

The analysis in the field amplitudes
in further braking times, does not af-
fect the improvement of diagnostic
parameter.

Figure 6 and 7 presents depend-
ence of friction pad’s thickness of

disc brake G on point parameters of
vibration accelerations. For RMS,
Average, Square and Peak value of

point parameter, also obtained from
measurement in direction Y, by us-
ing linear approximating functions
described with dependences (7-10)
for five speeds at the beginning of
braking, the following equations de-
fining friction pads’ thickness were
introduced:
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Fig. 5. Dependence of selected point paramiters and dynamic of changes of the wear of friction pads: a) RMS value
Apys b) average value A yyprap ¢) square value Agoyrp d) square value Apg,x
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Table 1. Value of selected point paramiters and dynamics of changes in direction Y; and Y, for the first time braking from 0 to 20 seconds
Measurement of vibrations in direction Y,
Value of point parameters in m/s? Dynamics of changes in dB
Point parameters For pads with For pads with
Thickness of 35mm | Thickness of 25mm | Thickness of 15mm | thicknesses of 35 | thicknesses of 35
mm and 25mm mm and 15mm
Armis 6,42 12,42 14,50 5,73 7,08
AnvERaGE 511 9,90 11,53 575 7,05
Asoare 4,32 8,39 9,76 5,76 7,07
Apeak 33,51 63,17 91,58 5,50 8,73
Measurement of vibrations in direction Y,
Aruts 6,00 12,58 20,15 6,42 10,52
Anverace 4,77 10,03 16,02 6,44 10,51
Asoare 4,04 8,49 13,55 6,46 10,51
Apeak 31,46 67,76 106,88 6,66 10,64
where:
& * G — thickness of pad [mm],
oy +  Aaws A, — point parameters value of vibration
830 4 _____ Linear approximation accelerations [m/s?].
2 for Agye
s 25 - The inaccuracy of the linear regression models described
2 v ®  Aserace dependencies (7-10) present table 2.
i s - Linear approximation
£ 20 Mo for Aayverace Table 2.  Errorin % in the application models in estimating linear
S regression actual thickness of brake pad
N A
15 ® A v Asauase Measurement of vibrations in direction Y,
- —- Linear approximation
for Asauare Point param- Point param- Point param- Point param-
10 - A eters eters eters eters
2 4 6 8 10 12 14 16 18 20 22
Point parameter A, , [m/s?] Arms 0,72 1,88 1,47
AnveRace 0,67 1,73 1,38
Fig. 6. Dependence of pads thickness in function of point parameters (Apys, A 4viErRaGE
o ) ) . AVEL Asoane 0,64 1,67 0,83
Asouare value) of vibrations accelerations for measurement in the Y, direction
Apeax 0,37 0,99 0,89

Thickness of pads G [mm]

15

10 +

Fig. 7. Dependence of pad's thickness in function of point parameters Apg,x value of
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G ==LA4115 Agyss (11, =0-205) +43,224 R =0,99
G ==1,7765 A yyrsGr (v2,1=0-205) + 43,251 R* =0,99
G ==2,1006 - Aspuisg (12, =0-205) + 43,261 R =0,99

G =~0,2651 App g (y2,—0-205) +43:221 R* =0,99

™

The analysis of results of research in amplitude domain
showed that on the basis of the analysed in this article point
parameters it is possible to diagnose the wear of friction pads
independently during braking with constant braking power
P=45kW. The dynamics of changes of RMS values of vibration
accelerations for pads: G|, G, and G5 can be found in the range
between 5 and 7dB for direction Y; and 6 to 10dB for direction
Y, measurement of vibrations on railway disc brake.

4. Analysis of the results in the frequency domain

The amapurpose of spectrum analysis of signals of vibration
accelerations was to determine frequency bands connected with
change of pad’s thickness during operation of braking system.
Figure 8 and 9 presents exemplary amplitude spectra of vibra-
tion accelerations for various pad’s thicknesses received during
braking with constant braking power from speed of 80km/h.

The figure 10 and 11 presents exemplary amplitude spectra of vibra-

tion accelerations of the use of band-pass filter. The scope of the filter

®)

has been set to 4600-4800Hz, because in this area there is a depend-

ency of amplitude of vibration on thickness of friction pads.

)

Table 3 presents frequency range, in which dependence of ampli-
tude value of vibration accelerations on the wear of pads is observed.

Additionally, dynamics of changes according to dependence (6) of an

(10)

examined diagnostic parameter for a certain frequency band and at

568

ExspLOATACIA I NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 4, 2016




SCIENCE AND TECHNOLOGY

R Thickness of 35 mim @ e Thickness of 35 mm
28 ! T ; i !
o i. 1 o il
2 i ! I S SN S S I B S
E s t E 1
re it 4 Y 1
Eg T o~ E o -
“0oe 2000 ~m o0 =3 ) L 9, 00 0 000 ro 00 o N — "
b, Thickness of 25 mm Froqwency 102) Thkiveas of 35 thin Frequenci [Ha]
25F T ¥ T T
- 28— - - -
5 ! 17 !
£ s i £ by
‘3 1 ' R i,
s A7 < pe. g _— 5 H T
n) 000 2000 X0 300 8000 Lo neaa 8200 w0 c:‘ 1300 000 M 00 56.)6 GOICC Te0a KI('] W00
Bz Thicknessof 15 mm Fraquancy. f [Hz] & et Thicknass of 15 mm Fraquancy, f [Hz]
P - e Sy — £ . . : :
-2 i Pl .!._15 13
® n o2 -
E s Eun
30 i Fa g i
< s e s fot < g1y
o 00 o Fo) 200 T o0 w0 % N ] 0% o) o T oo 0o
Frequency, I [Hz] Frequency, I [Hz]
Fig. 8. Dependence of amplitude of vibration accelerations on frequencies for Fig. 9. Dependence of amplitude of vibration accelerations on frequencies for
different pad’s thicknesses during braking with constant braking power different pad’s thicknesses during braking with constant braking power
from speed of 80km/h in direction Y;: a) pad’s thickness G;=35mm, b) from speed of 80km/h in direction Y,: a) pad’s thickness G;=35mm, b)
pad’s thickness G,=25mm, ¢) pad’s thickness G;=15mm pad’s thickness G,=25mm, c) pad s thickness G;=15mm
- Thickness of 35 mm PR Thickness of 35 mm
: T
? T i
Ed L,
i o
£ Faf E
L 3 - | i — -
[ 1000 2000 3000 000 5000 000 OO0 B0OD W00 wH 0 0 -] " wn -] w
W Thickness of 25 mm Froquenep.flbal gy Thickness of 25 mm Frequency, f ]
T T 1
=3 -_:—; 5 H [}
£, £, i
g » i s .
< 1 T £ R
5 o6 on W = o3 = e W o v o = = = 5 o s e =
5 o Thickness of 15 mm Frequency.((Hz] ) Thiokrieseol 15 min Froquener: el
| | . . | .
ol f s H |
T | z {
: 2 [\
£ 2 1 =1 T
] 1008 00 3000 o s =y Toh B0 w® ] % 2000 3000 ) %0 [ Tooa o3 w00

Frequency, | [Hz]

Fig. 10. Dependence of amplitude of vibration accelerations on frequencies with
band-pass filter to 4600-4800H:z for different pad s thicknesses in direc-
tion Y;: a) pad’s thickness G;=35mm, b) pad’s thickness G,=25mm, c)
pad’s thickness G;=15mm
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Fig. 11. Dependence of amplitude of vibration accelerations on frequencies with

band-pass filter to 4600-4800Hz for different pad s thicknesses in direc-
tion Y: a) pad’s thickness G;=35mm, b) pad’s thickness G,=25mm, c)
pad’s thickness G;=15mm

Table 3. Results of frequency analysis of vibration acceleration signals, brake caliper with brake pads

Measurement of vibrations in direction Y;
RMS from band frequency Dynamics of changes
m/s? dB
Frequency Correlation
Hz For pads with thick- For pads with thick- coefficient
Thickness of 35mm | Thickness of 25mm | Thickness of 15mm nesses of 35 mm and nesses of 35 mm and
25mm 15mm
4600-4800 1,27-1073 1,77-1073 5,00-107 2,92 11,92 0,922
Measurement of vibrations in direction Y,
4600-4800 0,56:1073 2,02:1073 2,631073 2,29 ‘ 13,38 ‘ 0,973

a certain speed at the beginning of braking and values of correlation
coefficients for linear dependence of amplitude value of vibration ac-
celerations on examined friction pad’s thicknesses is presented.
Figure 12 present dependence of (RMS) value of vibration accele-
rations in direction Y on braking speed v=80km/h during braking with
the constant braking power for various values of the wear of pad G.
Figure 13 presents dependence of friction pad’s thickness of disc
brake G on RMS value of vibration accelerations Agyg in considered
frequency bands 4600-4800 Hz. For both directions of vibration (i.e.
for the staff of the friction pads is connected with the lever to the
housing of the brake cylinder and the holder connected to the lever on
the piston brake cylinders) have been approximated a linear function

depending on the thickness of the lining of the effective value of the
vibration acceleration (relation (11) and ( 12)).

G = —4546,8- Agyys (v1, 4600-4500) + 37:201 R* =085 (1)
G ==9150 - Agyss (v, ag00-4s00) + 40,924 R*=0,95  (12)
where: G — thickness of pad [mm],

Apys — RMS value from band 4600-4800Hz frequency
[m/s?].
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4. Conclusions

'"E 0,006
E, Position diagnostic tests have shown that it is possible to
g 0,005 * diagnose the consumption of the disc brake friction pads, by
< analyzing the instantaneous value of the vibration acceleration
0,004 o holders with the pads in the field of amplitudes. For the purpos-
¢ Yidirection  oq of the pads wear diagnosis, the effective value of 4z, the
0,003 B Y2 direction  average value A 4. the square value Agoy i o peak value
-\ — Linear(Y1) 4peq should be used. With the dimensionless quantity (point
0,002 — Linear(y2) Measurement coefficient), satisfactory results are obtained by
using the crest factor calculated from the relationship of peak to
0,001 \. rms. The vibration acceleration signal analysis showed that the
] highest growth of changes of considered diagnostic parameter,
0 ) resulting from the condition change, is achieved for the first
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Thickness of pads, G [mm)]

Fig. 12. Dependence of RMS value of vibration accelerations on braking speed v=80km/h
during braking with the constant braking power for various values of the wear
of pad G
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Fig. 13. Dependence of pad's thickness in function of RMS value of vibrations accelera-

tions for frequency band 4600-4800Hz

Table 4. Errorin % in the application models in estimating linear regression actual thickness of brake pad

* Y1 direction
—— Linear (Y1)

— YZ2direction

braking period (braking time 20 seconds). During this period,
the highest value for the worn pad to a thickness of 15 mm, and
the lowest value for the new pad (run in) with a thickness of
35 mm are obtained. Further breaking periods, higher than 20
seconds, cause the decrease in the rate of "changes.

Changes in the vibration acceleration measurement point,
according to the usage of braking pads, are visible regardless of
mounting the vibration transducer at the brake holder from the
side of the rod or from the housing side of the brake cylinder
and irrespective to the type of the brake disc.

For the analysis in the field of amplitudes, the dynamics of
changes is 6-10 dB for the 590 disc. By using the measurement
of vibration acceleration point under consideration , the diag-
nostic models can be used to determine the consumption of the
friction pads. The maximum error of the friction pad thickness
for the present three-pads thicknesses does not exceed 2% for
the analyzed brake disc.

Tests measuring the vibration acceleration of the brake hold-
ers in the frequency domain, have also shown that it is possible
to find a frequency band, in which the dependence of the effec-
tive value of the vibration acceleration Apy;g (equation (3)) from
the different pads in the considered speed range during the train
run with enabled brakes are observed. The dependence of the
effective value of vibration acceleration from the wear of the
friction pads occurs for the 4600-4800 Hz frequency band. It
is the band allowing to diagnose the wear of the friction pads
both during braking on 590 disc type with the power of P=45
kW and braking on 640 disc type with constant
power P=55 kW.

Both vibration analysis in the field of am-
plitudes and frequency allows for the friction

elements evaluation. Frequency analysis allows
for greater analysis of the dynamics of changes

3,9 in terms of amplitude. However, in both cases,

it is greater than 6 dB for the worn pad to a

Measurement of vibrations in direction Y;
Frequency For thickness of pad For thickness of pad For thickness of pad
Hz Gy=35mm G,=25mm G3=15mm
4600-4800 11,3 16,5
Measurement of vibrations in direction Y,
4600-4800 ‘ 2,2 11,5 12,2

thickness of 15 mm. However, the analysis of
amplitudes by using the measurement point is

The inaccuracy of the linear regression models described depend-
encies (11 and 12) present table 4.

Analysis of the results in the frequency domain showed that the
analyzed frequency band 4600-4800Hz it is possible to diagnose
wear of the friction pads based on designated this band vibration
acceleration during braking with constant power (during the descent
of the train at a constant speed). Dynamics of changes in RMS value
of vibration acceleration for pads G;, G, and Gj is in the range of
2-13 dB.

simpler with respect to the application of fre-
quency analysis because it averages the whole
braking process to a single value.

Analyzing the current device diagnostic disc brake friction ele-
ments, the method allows vibroacoustic continuously evaluate the
condition of the friction linings terms of wear indicators that signal
achievement only permissible pad wear of about 2-3 mm. The use
of vibration transducers on the brake mountings enables diagnosis of
wear of the friction linings in the whole process of use. Then read the
pad wear during periodic inspections or the desktop will allow the
vehicle to make a decision about the further use of the vehicle particu-
larly in international traffic, where the replacement of the pad limit
their consumption will be impossible or very time-consuming.
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In the further works it is planned to check the developed method
for assessing the wear of the friction pads on the worn discs (dur-
ing the research new brake discs were used). It was made in order to
eliminate the influence of the friction rings condition on the result of
the diagnosis with the use of regression vibration diagnostics models.

It should, however, emphasize that vibroacoustic diagnostics
based on the analyzes in the domain amplitudes and frequencies is

widely used in the diagnosis of internal combustion engines [7, 20],
bearing units rotating machinery [8] and in the automotive industry.
In many cases, vibration transducers are built directly into the device
from the cable output signal to a central computer. In addition, the
diagnosis of the type of technical systems FFT analysis are expanded
for analysis of the time-frequency [19].

The project is funded by the National Centre for Research and De-
velopment, program LIDER V, contract No. LIDER/022/359/L-5/13/
NCBR/2014
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