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INTRODUCTION

This report summarizes the work done by D2S Intesnal in the WIDEM project, WP6.1,
namely: soft and hardware development of a compeds@sonance inspection prototype for
wheelsets.

It includes:

development of hardware (electronics design);

development of a software/hardware user interfadapted to the specific needs for
measurements on axles and wheelsets on site;

development of algorithms to separate damaged fjomal axles/wheels.

The system can be used not only on axles and whatekso on other objects. Initially, since no
wheels with known cracks/defects were available,sibftware was tested on railway axles. In a
later validation phase, the technique is testedxd@s mounted in complete wheelsets.

Due to the large amount of measurement data, posegsing data and software, only the most
relevant figures and analyses are shown.

This report is completed by the presentations gibgnD2S on several meetings during the
project (06M, 12M and 18M meetings).
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PRINCIPLE

When an object is impacted, it will start vibratiaiits resonance frequencies.

These frequencies depend on:

stiffness of the material;
mass (or density) of the object.

A defect reduces the stiffness and lowers the @smnfrequency.
The shift in the resonance frequency is relatatiécsize of the defect.

Normal production variations also cause shiftsregfiency. These shifts have the potential to
mask defects. The compensation technique is basdtkeaeparation of resonance peaks:

constant separation within a subset — acceptable;
change in separation within a subset — defect.

This principle, largely used in various industrgdctors, will be implemented to investigate
material integrity of railway wheelsets.

This method is based on artificial excitation of tihole wheelset and on evaluating a large set
of data: resonance frequencies and associated rdadgling in a well-defined high frequency
band (10 - 150 kHz or higher).

A prototype of the compensated resonance inspesiystem will be developed and tested at
Lucchini workshop downstream of the production pssc

Compensation techniques are used to eliminateffaet® of production variations and wear. A
pattern recognition algorithm will be used to corgpthe compensating relationship based on
the statistics of a training set of good and badsp@vith known cracks). This means also that
extensive learning measurements will be carried aut‘good’ Lucchini wheelsets and on
wheelsets with several types of known artificiafed¢s. Work will consist of data gathering,
resonance selection, development of a sorting neocaludi validation.
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DEVELOPMENT OF THE COMPENSATED RESONANCE
INSPECTION SYSTEM

How TO USE/DEFINITION OF PHASES

The system should be small, easy transportable, frisadly and controlled and linked by a
(portable) computer. One operator should be ablpetform and process measurements. The
goal is that after each measurement the system ttedl user if the Device under Test has
possible defects and should be inspected furthéetail or not.

The system is used in four well-defined phases.

Phase 1: Build up experience

Build up excitation/responsexperienceon the samples/parts to be included in the sysiéma.
result of this phase will be:

definition of type of sensor;
definition of type of excitation;
definition of the number and type of measurementsrte sample.

This first phase is the most critical and takestrobshe set-up time. A number of “GOOD” and
“BAD” samples have to be tested in detail: Impulsgponse measurements in several frequency
ranges, various types of suspension of the sampledal analysis in order to understand the
vibrational behaviour of the samples.

Phase 2: Training of the software

Acquiring data on “GOOD” and “BAD” samples basedtbe results of Phase 1. The results of
this phase will be a general database where alsunement data is stored and linked with serial
number, type, ... This data will be stored as “tiregrdata”.

Phase 3: Processing of “training data”

A. The training data will be first subdivided into gian blocks based on dimensional variations.
This subdivision can be made by software that makésst analysis on the measurement
data or by information given by the provider of gd@s (e.g. similar parts, but slightly
different dimensions).

B. Each subdivision of data will be analyzed more puofdly by several algorithms and links
between the results of these algorithms and theepce of known defects will be made. For
each algorithm, an “acceptable” zone will be dediaed stored.
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3.1.4 Phase 4: Production/Control Phase

Each new sample to be tested will be measuredsasibled in Phase 1 and results will be
entered into the database.

A first subdivision is made based on possible dsim@mvariation (equal to Phase 3A).

Several algorithms are applied on measurement dath a decision will be made
(GOOD/BAD) based on results of phase 3B.

Every new measured sample without defects can ddaded into the database with “GOOD”
samples. In that case, the probability of detectib"BAD” samples will increase.



3.2 HARDWARE

A robust, easy to use system is developed.

Figure 3.1

3.2.1 Specifications

power supply 110/220 Volts - 50/60 Hz;

providing power for several types of sensors (pedciric, ICP powered sensors as
accelerometers microphones and external sensdtageanput, ..);

control of acquisition start by external Normabpen contact (ex. foot switch);

high frequency range (0 — 200 kHz);

possibility to include the system in an automagtatcol system (future development).

3.2.2 Hardware Block scheme

Following figure shows schematically the hardwaoygare blocks in the developed system.



Figure 3.2

Various types of sensors can be used with the mmystiéach type of sensor requires a specific
power and signal conditioning. The hardware detect®matically the type of sensor that is
connected.

The resulting measurement signal is then conneoteth amplification circuit which is capable
of amplifying the incoming signal with a user séddde gain in a frequency zone DC- 200 kHz.

An external voltage signal (max10 Volt) coming from other systems can also be #magland
used.

Then, data is acquired by an analog/digital comvecard and further processed by software
routines. The results of these software routinesstéored and further used in post processing
routines.

All settings and controls necessary for data adipms selection of type of sensor, state of the

sensor (for ICP sensors), applied gain, frequenoge, ... can be made by the software pop-up
menus.
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Sensors types
Following types of sensors and inputs can be wgakending on the application.

ICP: Internally Amplified Sensors - low impedangegzoelectric force, acceleration and
(sound) pressure type sensors with built-in integracircuits (ICP® is registered
trademark of PCB Group, which uniquely identifie€B> sensors, which incorporate
built-in electronics).

In-house developed piezo-sensor: the same measorepn@ciple as ICP but more
efficient in high frequency ranges.

Voltage input: also an external voltage signalsxma0 Volt) coming from other systems
can be acquired, amplified and used with the system

Sensor power + signal conditioning

ICP Power: 24 volts/2 mA

Connector BNC

Bias voltage control to check cable connection
automatic by software

In house developed piezo-sensor Lemo 4 pins connector
+12/-12 Volt power supply
External input Max +10/-10 Volt
BNC connector
Output signal BNC connector

In case recordings on a DAT-recorder or other
devices are to be made an output BNC connector
is foreseen: the amplified signal, the same as the
signal that is going into the A/D converter.

Amplification

An instrumentation quality amplifier is foreseerttwa user selectable gain of 20/40 or 60 dB for
ICP sensors and a fix gain of 50 dB for the in-leodsveloped piezo-sensor in a frequency zone
DC- 200 kHz.

In future versions a user selectable high pass i@, 10, 100 and 1000 Hz) will be introduced in
order to filter out the low frequencies generated Hand movements, positioning of the
probe/sensors, ...

Analog/Digital conversion

The analog/digital conversion is made by means Ma#@onal Instruments DAQCard-Al-16E-4
PCMCIA card. The big advantage of this device is ligh sample rate (500 kHz) combined
with the small size and direct connection into &//ITA slot of a portable computer.

The relative low resolution (12 bit A/D conversias)sufficient because of the high gain on the
analog signal before doing the A/D conversion.
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3.3 SOFTWARE DEVELOPMENT

The software is developed in MATLAB code. The stal Matlab code uses three extra Matlab
toolboxes: signal processing, data acquisitiontaedMatlab Compiler to generate a stand alone
version.

A user interface was written in order to perforne tineasurements by using only the mouse,
keyboard for typing in some comments and a footcwtio start acquisition.

3.3.1 The user interface

The user interface is necessary to set the hardwara condition needed to perform

measurements for a typical test object and serifferent settings are to be selected. The
complete set-up of the system can be stored fer lage. When the system is started it will
always start in the configuration that was useateethe last shutdown.

ICF OFEN

Select a zetup file:

avg 4
axe].mat
defaultzetup.mat
laztzetup. mat
redbar.mat
widerm. mat

LEF axel fiee-free suppart witholt
cracks

Cancel |

1 3

User interface layout of the measurement system

Figure 3.3
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Above, in figure 3.3, we see the user interfacésifirst version. The user has the possibility to:

Read a set-up file: this set-up file stores follugvsettings, which can be adjusted:
type of sensor (piezo-ICP-external);

gain (x1 x10 x100);

number of averages;

bandwidth 0 — 20 kHz up to 0 — 200 kHz;

0 signal inputrange 0.1 Vto 10 V;

o
o
o
o

load or store set-up file + text comment on site;

start measurement:

o wait for impulse;

o confirmation if OK with beep;

0 pedal to hold system when changing sensor position;

visual check of:

o time signal after each average;

o frequency spectrum;

o0 peak values — damping (if applied);

store measurement data.

Some special user-friendly features are foreseen:

high tone beep after an good acquisition of data;

low tone beep while waiting for foot pedal switch;

double low tone beep when all averages are acquired

colour indication to check the ICP sensor connecd®REEN/OK, YELLOW/cable loose,
RED/ cable short circuit);

automatic red coloured indication and stop of tletua@ set of acquisitions when an
overload of the A/D converter is detected;

overrule current settings and restart the measurebyeusing CTRL-C.

The selection of a hardware high pass filter wasmty included.
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Post processing software

The separation of cracked/faulty test objects cammiade only by the use of (post processing)
software. Depending on the phase (see 83.1) theisisen (build up experience, training,
processing, production/control, ...), this detectall be made after post processing was done, or
during measurements.

All algorithms necessary for detection of cracka ba applied in selectable frequency ranges.
These ranges vary depending on the type of testbapd the algorithm in question.

The user cannot only change these frequency ramgealso several other parameters in the
software. The selection of these parameters isalrincthe detection of faults. For railway axles
this selection is made in Phase 1 (see §3.1.1hglthe set-up of the system.

This software was developed during the WIDEM prbjaod was modified several times
following experience with available test objectsv&ral algorithms were written and applied on
the available test objects. We give a brief desiompof the written algorithms, however not all
were giving usable results.

Conversion from time to frequency domain

Standard Fourier analysis is used to convert thepkal data from time domain to frequency
domain. Data is acquired with a fix sample frequyenic500 kHz. Because an impulse excitation
is used, a trigger level at 5% of the maximum ingaltage is used to start acquisition of data.

The acquired signal length (T) is always 1 secamayder to achieve a fix frequency resolution

of 1 Hz (L/T (s)). In case a limited bandwidthniseded, a data reduction is done by down
sampling, using a decimate function: resample dagalower rate after low pass filtering (eighth

order Chebyshev Type | low pass filter).

During the measurements, the time data (amplitsdi@ction of time) after each excitation is
displayed, while spectral averaging is used to iete spectral noise in the frequency response.
Finally time data, as well as frequency responstoired together with other set-up data.

Peak detection on the frequency response

Depending on two parameters that are changealelejser can decide which peaks are included
in the analysis. These two parameters are:

1. TRESHOLD: Amplitude of the peak in dB (to excludanrsignificant peaks);
2. LEVEL DROP: Min. Level drop at both sides of theagen dB to be selected.

All the selected peaks are stored together in aixnt@igether with the specific measurement or
set of measurements. This matrix is used lateiufdiner processing.

Following figures are giving some examples:
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Figure 3.4
Response spectrum (blue) measured on a railwayl wiitheselected peaks (black)

I I I I I I I I I I I
o S S TV VU O AU NV OO W o
g B R T e R T I Tl NIy, ST IP Y -~
w
i CK YRR
@ o ool
g M
: I
G o
z ikl
2 |
e - --
i
1 1. 1. 16 18
Figure 3.5 FREQUENCY (HZ)

Response spectrum (blue) measured on a railwayl wiitheselected peaks (black), zoomed to
illustrate the amount of peaks in a 10-30 kHz band
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Figure 3.5

3.3.24

Estimation of damping

Before calculating the damping, a spline interpotabf original spectrum curve is done in order
to have a more correct damping estimation. An pukation with a factor 100 was applied
(resolution =1 Hz resolution=0.01 Hz).

Following formulas are used to calculate the damgpin

4=
3
X=—25
4
With Ky resonance frequency [Hz]
dr width of the peak at -3 dB below the peak levet][H
Q Quality factor
X damping [%]
+

v

Zoom around a resonance peak: original curve (Wé&sok1 Hz) in blue a spline interpolation
(resolution= 0.01 Hz) in red

According to the above formulas and graphs the dagnis automatically calculated for every
peak that was put into the peak matrix.

Spectral cross correlation

Since amplitude is used to calculate the spectassccorrelation we have to keep attention that
excitation — which is not controlled and influendey the operator- is done in the same point,
with the same intensity on all specimens of onelfaaf samples.

The spectral cross correlation between two spéctiafined by:

7

[& ()5 (]

8## = =

(s e ()

6

With Al spectral amplitude spectrum 1



Figure 3.6

3.3.2.5

A2 spectral amplitude spectrum 2
[ spectral line
N number of lines in the spectrum

Left: Individual SCC, Right: Global SCC

The above figure 3.6 shows an example of the SG€lleded for nine axles. The Individual
SCC was calculated for each axle combined with edbkr axle, as shown in the left graph.
Multiplying all the calculated values per axle reds data en leaves one single value/axle: the
Global SCC (right graph). In this example, axld3/Aand A16 are separated from the rest due to
the difference in geometry. The same principlesisdufor finding cracks or faults.

Least square coefficient

The least square coefficient is based on resonamodal values: the found resonance
frequencies are plot versus mode numbers in atabledrequency band. An example is shown
in Figure 3.7 lfrown curve).

We have performed three steps:

1. linear least squares fit to frequency-mode numbésfed curve)
2. sum of the squares of the deviatitnug curve) of the actual numbers from the least square
fit

This leads to one single value per frequency bage we do the analysis.



Figure 3.7
Data needed for estimation of the Least squardiceit (LSC) in a 50-70 kHz band

3. find a frequency zone where this parameter is Seado cracks. An example is shown in
the following figure 3.8.

Figure 3.8
Visual presentation of the estimation of the Leagtiare Coefficient (LSC) in ten 40 kHz wide

bands, for good and cracked axles

The axles indicated with the RED line (Al till AB8 and A16) are not cracked. It is clear the
LSC shows a completely different behaviour in darfeequency zones: good axles have High
values in the 35-75 kHz band while cracked axleshaw values.
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3.3.2.7

3.3.2.8

Percentage of common peaks (PCP)

PCP is calculated using following formula:

_ numberof commonpeaksof oneaxle

= %
total numberof different peaksof all uncrackedaxles °

If an axle is damaged, his peaks will shift dowee(sater). This will result in a number of peaks
that is completely different from peaks that wesarfd on good axles, so this will result in a
lower percentage of PCP. PCP can be calculatelifferent frequency bands to look for the
most sensitive area, as done for LSC.

Peak relations

Shift of frequency ratio & differences

1. Simple - shift due to: production variation:
dimensions;
cracks.

2. Relation between 2 peaks:

FD=(Afl+B)+W

with  FD diagnostic resonance
F1 base resonance
w width accept window

A&B constants to be determined
This was checked in detail on axles before and #feecracks but no usable results were found.

Cepstrum analysis

This analysis is used for many years to detectksracwheels. It was now tested on axles to see
if cracks can be found. However, the crack reibeceffect is too small compared with diameter
alterations that generate much more importantctdies.

This was checked in detail on small axles with & sat were it was measurable. No usable
differences were found on real axles between befodeafter cracking.



4.1

APPLICATION OF HARD-AND SOFTWARE ON TEST
SAMPLES

SUMMARY OF TESTS

Table 4.1 shows when, where, and what kind of #gtivas performed chronologically during
the WIDEM project in order to test, refine and dalie the developed hard- and software.

For each location we will briefly illustrate by nresaof pictures and measurement results what
was done and how it was used in the developmert.indérmediate results of the algorithms
will be given.



date LOCATIO | s, test objects type of description ongoing simultaneouslygoered
N g measurements/ activities
city/country g' equipment
9 software hardware
development development
12/04/200 | Mechelen, Wheelsets with no | impulse response | gathering of data | adaptation of sensor checks
5 Belgium " defects /Prototype high for development of| usability of
) frequency responsegelectronics hardware/softwar
% analyzer hardware +sensor | e in the field,
/excitation User interface
definition
19/05/200 | Gentbrugge Wheelsets with no | impulse response | gathering of data filtering
5 , Belgium " defects /Prototype high for development of /amplification
0 frequency responseelectronics
= analyzer hardware +sensor
/excitation
definition
20/09/200 | Darmstadt, Axles 2 similar impulse response | gathering of data foots which
5 Germany without cracks, 8 | /Prototype high for development of testing
similar with cracks | frequency responsegelectronics
analyzer + modal | hardware +sensor
L analysis with /excitation
- SIGLAB 12 definition +

channel system

relation between
peaks in frequency
response an moda

behavior of axles




14/11/200
5

Lovere,
Italy

Lucchini

Axles for test
bench, 7 un-
cracked, 1 cracked

impulse response -
modal analysis

with SIGLAB 12
channel system

- gathering of data
for development of
electronics
hardware +sensor/
excitation
definition +
relation between
peaks in frequency
response an moda
behavior of axles,
Testing of
algorithms can star

start testing of
first algorithms

power supply
changing to limit
electrical noise
<10 pvolt




3/02/2006 | Cambridge, TWI | Used Axles,1 un- | impulse response | gathering data for | algorithm verification/ refining
UK cracked, 3 cracked| with refined software/algorithm
hardware for high | s refining
frequency responsg
analyzer
23/03/200 | Cambridge,| TWI | Used Axles,4 definitive version | gathering data for | algorithm verification/ refining
6 UK cracked of high frequency | software/algorithm
response analyzer| s refining
3/05/2006 | Lovere, Lucc | Axles for test impulse response | gathering data for | algorithm verification/ refining
Italy hini | bench same as on| with refined software/algorithm
14/11/2005 but hardware for high | s refining
now 8 cracked frequency response
analyzer
16/01/200 | Lovere, Lucc | mounted impulse response | gathering data for | algorithm verification/ refining, final
7 Italy hini | wheelsets(11 with refined software/algorithm | validation
pieces) hardware for high | s validation, will be

frequency respons
analyzer

prepeated on a
cracked axle that
will be mounted
again in the same
kind of wheelset
configuration

Table 4.1 Activities on development of the system




4.2 DETAILED DESCRIPTION OF TESTS

In the next chapter, a brief description of thef@ened activities is given in chronological order.
Presentation of results is limited to the most egakplots.

4.2.1 NMBS Belgium (Mechelen, Gentbrugge) - Wheelsets witho defects

4.2.1.1 Testsamples
Nine complete wheelsets NMBS:

Mechelen;
Gentbrugge;

consisting of:

axle;
wheel 1;
wheel 2.

No bearings, break disks: as simple as possible

Lifetime wheelsets: 7 - 10 years

Figure 4.1
Measurement set-up + wheelsets



4.2.1.2 Performed measurements
Measurement of eight response spectra on each sdteel

Figure 4.2 shows schematically the response/eianitgboints where impulse response was
measured.

Figure 4.2
Measurement points on wheelsets at NMBS

Detailed photographs of the measurement pointdgdexcitation hammer are shown in Figure
4.3.



Figure 4.3

Measurements on wheelsets, positioning of sensatexcitation

We used as:

sensor In house developed piezo-sensor:
0 high frequency range( >150 kHz);
0 manual positioning (sensitive to low frequency hamazements);

impulse excitation 2 mm bearing ball:
o] short impulse time high frequency excitation (>100 kHz).



421.3 Results

Typical frequency responses on a wheelset (0 - Kia2).

Figure 4.4
Typical frequency response on a wheel

Typical frequency response on an axle mounted iwheelset (0-100 kHz)

Figure 4.5
Typical frequency response on an axle mountedwheelset



Comparison of different wheelset (without defect)

In total, seven measured frequency responses arpated in different frequency zones. Results
are very similar, but when zoomed, we see big sinficertain peaks. This is caused by variation
of dimension of these wheelsets. It gives a goed igdhat to expect on real, used wheelsets.

Figure 4.6
Typical frequency response in overlay on 7 whealsnted in a wheelset

4214 Conclusions

Hardwaref/first version of user interface is usalbet refining is required (foot switch,
filtering, noise, ...).

Real wheelset without defects shows already sicanti frequency shifts due to dimension
variation.

On this first measurement data a number of algosticould be tested for the first time:
e.g. Peak find, modal damping calculation.



4.2.2 LBF Darmstadt Germany — solid axles with defects(8yithout(2)

4.2.2.1 Testsamples
Solid axles, two without cracks and eight with &swere available.

But these two groups are unfortunately not with aqdimensions, so difficult to use in a
statistical approach. Therefore, it was decideddncentrate on the frequency responses and
modal behaviour of these solid railway axles.

4.2.2.2 Performed measurements
Two types of measurements were performed:

1. Measurement of response spectra on each axle:atanitin one axle end, four
directions, pick-up signal same point & direction.

Figure 4.7
Response/Excitation directions on axle end at LBF

2. Modal analysis: sixteen sections, four points/segtiwo directions in order to identify
bending modes, torsion modes up to 3.5 kHz.



4223 Results

Typical Frequency responses

Figure 4.8
Typical frequency response at LBF

Figure 4.9
Typical frequency responses zoomed (1800 - 3500aHEzBF



Figure 4.10
Typical frequency responses zoomed (24000-3200aHEzBF

Modal analysis

The results of this analysis can learn us wherehawadto excite and measure the axle, and also
get an idea of the importance of certain peakfiéenftequency response. Next photo shows the
measurement set-up (simul. four response pointazéndirections acquired with SIGLAB 12
channels acquisition system)

Figure 4.11
Measurement set-up



Next figures 4.12 till 4.21 show the mode shapegether with the frequency responses.
Bending and torsion modes are clearly defined, somdetimes very close coupled (see mode
shape at 812 and 862 Hz).

Figure 4.12
Mode shapes at 162 Hz of a solid axle at LBF

Figure 4.13
Mode shapes at 450 Hz of a solid axle at LBF



Figure 4.14

Figure 4.15



Figure 4.16

Figure 4.17



Figure 4.18

Figure 4.19



Figure 4.20

Figure 4.21



4.2.2.4  Conclusions
Ten axles were tested.
Frequency responses on all, and modal analysimemxles were performed.

An idea about mode shapes and the related peakrtamge in frequency response was
formed.

Hardware/interface is easy to use.
Algorithms could be tested on these measuremeat dat

Unable to differentiate between good and crackeesaxecause of different geometries.



4.2.3 LUCCHINI VISIT1 Lovere Italy- 9 Hollow Axles for te st bench, 1 cracked

4.2.3.1 Test samples

Hollow axles, designed for the Lucchini test bemare available. There are two types (different
geometry/ED= 7.5 mm).

type 1 : seven axles (serial numbers: E0401348X¥s(, 02, 03, 05, 06, 08):

0 one cracked;

0 six good: cracks will be initiated on test bencketaon: will be used for further
analysis.

type 2 : two axles (serial numbers: E0401349XX, X035 06):
o 1 cracked;
o 1 good.

4232 Performed measurements

All these axles will be cracked in the Lucchinittbench later on, so they were all measured. On
one axle a modal analysis was performed.

Measurement of response spectra on each axle:aggnitin two axle ends, three
directions, pick-up signal same point & direction.

Figure 4.2; I
Response/Excitation directions on axle end at Lun¢ch

Modal analysis: eleven sections, four points/sectiwo directions in order to identify
bending modes, torsion modes up to 3.5 kHz.



4.2.3.3 Results

Typical Frequency responses

Figure 4.23
Typical frequency response on a axles mountedapst

Figure 4.24
Typical frequency response (zoomed 1770 - 1840adzll axles mounted in straps



Figure 4.25
Typical frequency response (zoomed 27000-280000HA)II axles mounted in straps

Modal analysis

The results of this analysis can learn us wherehawdto excite and measure the axle, and also
get an idea of the importance of certain peakfiéenftequency response. Next figures show the
mode shapes, together with the frequency respomsasaling and torsion modes are clearly

defined, and sometimes very close coupled.

Figure 4.26
Detailed analysis in 1 section: to identify thedileng mode: large peak at 7640 Hz



Figure 4.27
Detailed analysis in one section: bending moderatHz

Figure 4.28
Detailed analysis in one section: to identify thedthing mode: large peak at 7640 Hz

Verification of influence of excitation on responged curve: excitation in tangential direction,
black curve: excitation in radial direction). Thesin lead to the conclusion that tangential
measurement results in much more peaks (that carfloenced by the crack!!).



Figure 4.29
Influence on excitation point on number of peaksd (curve: tangential direction, black curve:
radial direction)

Complete axle (1 radial response/section) in ordeiidentify ONLY the bending modes

Figure 4.30
Modal analysis to identify bending modes



Figure 4.31
Modal analysis: first bending at 169 Hz

Figure 4.32
Modal analysis: fifth bending at 1780 Hz



4.2.3.4  Conclusions
Nine axles were tested.
Frequency responses on all, and modal analysismemxle were performed.

An idea about mode shapes and the related peakrtamge in frequency response was
formed.

Hardware/interface is easy to use.
Algorithms could be tested on these measuremeat dat
First try to differentiate between good and crachriés by the use of some algorithms.

Wait for end of fatigue testing at Lucchini to mewes other cracked axles and refine
algorithms



4.2.4

4241

Photo 4.33

TWI Cambridge UK- 3 Hollow Axles for test bench, 1cracked

Test samples
TWI “real axles™
On 03-02-2006: one uncracked two cracked

Bending fatigue

On 23-03-2006: one cracked two cracked re-measured

Now we can compare one identical axle before &rajeneration of cracks and also check the
influence of time, temperature, stability of mea&snent system on a measurement.

Measurement set-up at TWI



4.2.4.2 Performed measurements

Measurement of response spectra on each axleataniin one axle end, three directions, pick-
up signal same point & direction.

Figure 4.3« I
Measurement set-up

4243 Results

For the first time we are able to determine théuarice of a crack on the shift of the peaks,
because the same axle could be measured befoedtanthe crack was applied.

Typical Frequency responses
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Figure 4.3¢
Typical frequency response on one axle mountetraps



Figure 4.36
Typical frequency response: the same axle befdue)land after (green) the presence of a
crack, zoomed in on one peak at 930 Hz.

Figure 4.37
Typical frequency response: the same axle befdue)land after (green) the presence of a
crack, zoomed in on three peaks in a (7500 -1000MENd.

The same cracked axle measured two times in ayidterval (see Figure 4.38) results in a (0
- 30000 Hz) band. Very similar results: the vadatin resonance frequencies is <0.04% due to
temperature, measurement system instability, ...
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4.2.4.4  Conclusions
Frequency responses on 3 axles were measured.
Hardware/interface is stable and easy to use.
Algorithms could be tested on these measuremeat dat
First try to differentiate between good and crachriés by the use of some algorithms.
Very good repeatability of measurements.

A shift down due to the presence of a crack atemlbnance peaks was seen. This shift was
confirmed in a very wide frequency band and is tamtswith a level of 0.2% downwards
(example: 20 Hz @ 9 kHz - 90 Hz @ 38 kHz, ...).



4.2.5 LUCCHINI VISIT2 Lovere Italy- 9 Hollow Axles for te st bench, 8 cracked

4.25.1 Test samples

On 03-05-2006, eight newly cracked axles are abkslaNow we have a database of seven un-
cracked axles, ten cracked axles = seventeen hglesv axles, designed for the Lucchini test
bench.

4252 Performed measurements

All the cracked axles will be re-measured the samag as done at the first measurement session
at Lucchini.

Measurement of response spectra on each axle:aganitin two axle ends, three
directions, pick-up signal same point & direction.

Figure 4.3¢ I
Measurement directions at Lucchini



425.3 Results

Typical Frequency responses

Figure 4.40
The same axle, zoomed around 840 Hz before andthéeresence of a crack

Figure 4.41
The same axle, zoomed in the band (8000-9400 Hajdéand after the presence of a crack



Comparison of peaks

On the next figure we visualize the peaks foundthy peak find criterion for all the axles
measured at Lucchini: with and without cracks. he tegend, the axles who are cracked are
indicated with C: e.g. CAl = axle Al, with crack.zAdom shows very clearly that ALL cracked
axles show the same shift down in frequency. Taidioms the results found at TWI in 84.2.4.

Figure 4.42
Peaks found by the peak find algorithm

4.25.4  Conclusions
Frequency responses on all axles were measured.
Hardware/interface is stable and easy to use.
Algorithms can be tested in detail on these measeiné data.
Very good repeatability of measurements.

Again a shift down due to the presence of a crackllaesonance peaks was seen. This
shift was confirmed in a very wide frequency bamd @& constant with a level of 0.2%
downwards, as seen on the TWI axles.



4.3 PROCESSING OF ALGORITHMS ON L UCCHINI AXLES

All the algorithms, seven in total, were testedlom database of seventeen Lucchini axles.

Finally four were held because of the good results:

Peak detection;

Spectral Cross Correlation (SCC);
Least Square Coefficient (LSQ);
Percentage of Common Peaks (PCP).

The results of these algorithms on the Lucchinesxk shown in following figure 4.43 and
explained in 84.3.1 till 4.3.4.

Figure 4.43
Summary of processing results on Lucchini axles



43.1 Peak detection

A level drop of 10 dB and a threshold of 20 dB Hssin a good peak database to do further
analyses. The next figure shows some zooms andliasuhe shift down of cracked axles.

Figure 4.44

4.3.2 Spectral Cross Correlation (SCC)

The two upper plots of figure 4.43 show the cal®daSCC, at the left side the results for all
axles with respect to six axles of the same dinuarssi without cracks, at the right side, the
global cross correlation by multiplying all the calated values per axle. This reduces data en
leaves one single value/axle.

On this figure we see immediate that the three sdwalues are found for axles A13 A16 and
CA16, who have other dimensions than the not-créhekdes.

So the SCC can be used for exclude large dimensinations or to separate very large cracks.



4.3.3 Percentage of common peaks (PCP)

The lower left plot of figure 4.41 shows the calted PCP. Only peaks in a frequency zone
from 16 to 60 kHz were used for the calculatiortto$ parameter. Again, we see immediately
that the lowest values are found for the crackddsaand for axles who have other dimensions
than the not-cracked axles. The shift down of fesguies due to the crack is responsible for this
good result.

4.3.4 Least square coefficient (LSC)

As explained in 83.3.2.5, we have first looked floe most sensitive zone. The software has
routines that do this automatically. The LSC ia 6 to 56 kHz band was very sensitive to the
presence of cracks. In that band, the cracked dodee high values.

4.3.5 3D-presentation of results

When the results of the three last algorithms (LSCC and PCP) are visualized in a 3D
presentation, we see very clearly that all not ksaaxles can be separated from the cracked or
those with other dimensions.

Figure 4.45



5.1

Photo 5.1

FINAL VALIDATION

As proposed by D2S on the 24M meeting, Lucchini pravided the possibility to measure on
new axles who are mounted in wheelsets (CISALPINIE€gdy for delivery.

One of these axles will be send to TWI were a craitkbe induced by simple bending fatigue.
This axle will be mounted again in the same typ&béelsets and will then be measured again,
the same way the others.

Then the algorithms will be used to separate thekad axle.

TEST SAMPLES

In total twelve wheelsets are measured.

Axles Al till A10 thane serial numbers as NO600870xX, XX = between 68 and 91.
Axles A1l and A12 have serial numbers as NO60113234...

Example of the set-up



5.2 PERFORMED MEASUREMENTS

Measurement of response spectra on each axleaBaniin one axle ends, three directions,
pick-up signal same point & direction, + a suppletaey point in the middle of an axle, in
between two break disks.

Figure 5.2 I
Measurement directions at Lucchini

5.3 RESULTS
All the measured axles are shown in figure 5.3tiercomplete frequency range (0 - 200 kHz).
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Figure 5.3
Typical frequency response measured in the mididileecaxle



5.4

5.5

PROCESSING OF ALGORITHMS ON MEASUREMENT DATA

In progress. Measurements after availability ef ¢hacked axle.

CONCLUSIONS ON VALIDATION

In progress.



CONCLUSIONS

The compensated resonance technique has been iemilarand validated on railway axles. It
is shown that when properly applied (measuremenksgh frequency range) and when properly
analysed (use of appropriate criteria), the teammics capable of identifying defective axles
without any difficulty.

A further validation on axles mounted in a complgteeelset is in progress.



