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Abstract—In this work, the possibility of application the device with a non-standard (side) piezoelectric sensor installa-
tion for rail condition monitoring is considered. The aim of this device application is reducing the risks of using single-strand
flaw detectors on railway tracks with fixation system on the rail in the form of two rebords. Also, the application of this
device allows you to obtain a new qualification criterion for the integrity of the rail, which is located in the railroad ground-
work. This criterion is the presence of a signal from the opposite face of the rail head, which, in addition to the possible
detection of a 30B.1-2 defect (DG) or 113 also allows you to record developed defects of the rail neck, passing into its head
and implemented by sounding the rail head of the linear section of the track in the transverse direction (from the working
to the non-working face). The study of round ultrasonic transducers of different frequencies was carried out. It has shown
impossibility of using 10 MHz transducers. The results of statistical estimation of rail thickness and corresponding amplifi-
cation levels are presented. The presence of statistically significant differences in the monitoring of different frequencies
sensors and different sensors of the same frequency (which is relevant only for 5 MHz) was found. The difference between
the maximum and minimum average in the test group of measured values of rail thickness was 0.06 mm, and between

amplification levels — 17 dB.

Keywords — nondestructive testing; pulse echo method; mirror-shadow method; rail head.

1. INTRODUCTION

An important part of railway tracks and railway
transport operation is the use of nondestructive testing
methods to monitor the condition of both movable and
stationary facilities.

Trains are one of the fastest and most powerful over-
land means of transportation and movement, which plays
a significant role in the sustainable economic develop-
ment of the modern world. To use this transport, it is nec-
essary to ensure the smooth and safe movement of trains
along qualitatively nested and reliable tracks. The railway
tracks required for train traffic are known to consist of
rails, supports, sleepers and a roadbed to distribute
the load of the train.

Rail defects can occur during production or operation.
Damaging factors include friction on the wheels of trains,
the action of the weight of the train, the influence of
the external environment (weather conditions, climate
features, etc.) [1]. These factors significantly affect

the maximum possible service life of both rail and rolling
stock.

The most common method of rail diagnostics is
the method of nondestructive acoustic control associated
with developments of S. Sokolov. He was the first who
proposed a shadow method using continuous acoustic
waves to detect defects in the material [2]. Also, in
the 1930s, he formulated the principles of acoustic con-
trol, and later created the field of acoustic instrumenta-
tion.

In 1940, F. Fierston formulated the basic principles of
pulse echo testing. In 1943, pulse echo flaw detectors
were launched in the USA. In 1949, the production of
ultrasonic flaw detectors in the USSR was started [3].

One of the ways which can improve the work of rail-
way transport is to increase the intervals between the con-
trolling means passages and enhance the speed of their
operation. For this purpose, one can use special software
and mathematical information processing tools, as well as
additional scanning devices.
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The purpose of this work is to investigate the possibil-
ity of using an additional scanner installed on the side sur-
face of the rail to solve the above problem.

II. APPLICABLE CONTROL METHODS

During the rail condition monitoring, three main
methods — visual inspection, use of eddy currents or
ultrasound are used.

A.  Visual inspection

Visual inspection is the easiest and most accessible. It
is applied, as a rule, before other methods. According to
the current methodology of rail control, the operator's use
of this method is difficult due to the fact that the field of
view is limited by the flaw detector's trolley and also
a necessity to withstand the established speed of control.
This requires either a visual inspection of additional staff
or only a superficial inspection.

B.  Eddy current control method

Eddy current control method is based on the principle
of electromagnetic induction with using a coil or coil sys-
tem as a scanner. The general principle of operation is
shown in Fig. 1 [4].

Under the action of the induced magnetic field, a Fou-
cault current is formed in the control object and affects
the current in the coil. By changes in the resulting current,
the presence or absence of a defect is determined.

C. Acoustical control method

Acoustic methods of nondestructive control are based
on recording and study of parameters of elastic oscilla-
tions propagating in the testing object. This group of
methods can be used for the control of all materials con-
ducting acoustic waves.

The most popular among the methods of this group
are those that use ultrasound[5]. The use of ultrasound
allows detecting irregularities of the structure, internal
defects, etc. The use of ultrasound consists in the applica-
tion of the properties of the medium and acoustic vibra-
tions.

Acoustic oscillations are mechanical oscillations (in
our case of rail metal) in a wide frequency range (50 Hz
— 50 MHz) around its equilibrium position. Acoustic
waves are movement in the specified environment of me-
chanical deformation. Most often, a 2.5 MHz transducer
is used to monitor the condition of the rails [6].

Within the framework of the study, immersion and
contact transducers are of greatest interest. Contact trans-
ducers operate in tight contact with the object of control.
Immersion converters require a thick layer of liquid
between the inspection object and the sensor.

III. OBJECT OF CONTROL

The object of control during consideration of this
problem is rail with deformable head (Fig. 2). The use of
single-strand flaw detectors with double-board support
rollers for the testing of such rails can lead to damage to
these rollers and failure of the undercarriage of the flaw
detectors. It should also be noted that the working envi-
ronment organization of the single-strand flaw detector

operator excludes possibility to obtain the visual infor-
mation about the presence of the specified defect in the
controlled rail.

IIl. APPLICABLE SCANNERS

The proposed scanner should have a direct transducer
(Fig. 3).

This transducer in widely adopted devices UDS2-73
[7] and UDS2-77 [8] is used to implement pulse echo and
mirror-shadow control methods.
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Fig. 1 Principle of eddy current registration

Fig. 3 Direct transducer
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Fig. 5 Deformed inspected object
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Fig. 6. Eddy current flaw detector screen in case of scanner skew

Fig. 7 Updated flaw detector structure diagram

A-Scan

Fig. 8 Presence of signal (i.e. no defect)

Due to the shape peculiarity of the controlled object,
it is necessary to use a typical carriage of a rail flaw
detector [7], [8], which is installed on the working edge
of the rail, but its width should correspond to
the parameter L in Fig. 4.

The use of such a scanner structure allows both to use
additional eddy current scanners for rail testing and to
control the shape of the rail, using a minimum of convert-
ers. An example of an acoustic contact loss situation is
shown in Fig. 5.

In a case of acoustic contact loss, the signal on
the device screen disappears. If we use an eddy current
sensor (when it is installed on the same working edge of
the rail), the scanner will skew, which will cause a typical
jump [9] on the device screen (Fig. 6) [10].

A typical structure diagram of a single-strand flaw de-
tector is shown in Fig. 7 by elements 1 and 2, where 1 are
support two-board rollers and 2 is a typical flaw detector
carriage.

The updated flaw detector structure diagram is shown
in Fig. 7 by elements 1-3, where 3 is a new scanner.

1V. CONTROL PROCEDURE

We propose to consider the actuation factor of the bot-
tom signal strobe as the main information parameter. If
this signal disappears, it is decided that the inspection
object is defective. In Fig. 8 you can see the presence of
a signal in the strobe.

The inspection procedure of controlled zone and its
comparison with controlled zone when using complimen-
tary control methods — eddy current and visual is shown
in the work [11]. The limiting factor in its use is the size
of near zone r,, which depends on the size of the trans-

ducer and its frequency [12]:
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Th == (1)

where a is radius of the radiating plate; A is wavelength
in the material of controlled object [12].

In view of the preliminary given factors, Fig. 5 and
referring to the source [13], it can be argued that
the installation of an ultrasonic sensor at the specified
point will allow detecting a defect having a classification
index of 30 B.1-2 (DG) or 113 in document[14] with
a greater probability than provided by modern devices.

It should be noted that the monitoring area for
the device should be configured in a special way. In addi-
tion to amplification, the following parameters must be
determined: delay /;, duration of sweep /,, beginning

of strobe sy, length of strobes,. The total length of
the monitoring area H; should exceed the thickness of
the inspection object H — in our task, the thickness of
the rail head at the location of the sensor installation.

Since in this case we are only interested in the area
around the bottom signal, let us introduce ratios:

Hy ~1.1H )
Hl :hl+h2 (3)

In the ratios (2) and (3) /4y =0.9H and h, =0.2H .

This corresponds to the stated requirement for displaying
only the bottom signal ring.

Separately, it is necessary to determine the parameters
of the strobe — its beginning and extent. The beginning
is determined indirectly. For the given task, its middle
should be placed on the bottom signal, that is, on H .

The length of the strobe should be (0.1+0.2)H

depending on the type of rail. Then the start of the strobe
and the extension are defined as:

s;=H-0.1H 4)

s, =0.1H 5)

Depending on the nature of inspected object,
the parameters of the control area and strobe can be
changed. The main attention when changing the specified
parameters should be paid to maintaining the informa-

tional value of the displayed ray pattern and the absence
of unnecessary signals in the working field.

During the experiments, a series of 50 measurements
was performed — 10 for each of the 5 sensors used.
The thickness of the rail at the installation point was
71 mm. The list of sensors that have been applied is as
follows:

1. PI111-1,25-C20-003 Ne624.
2. P111-2,5-C12-004 Ne1001
3. P111-2,5-C12-004 Ne§94
4. PI111-5-C6-004 Ne420

! HOST R51685-2000

5. P111-5-C6-004 Ned24

During the experiments, it was found that sensors with
a frequency of 10 MHz are not suitable for monitoring.

Pre-calibration of the device UD3-71 [15] was per-
formed on the standard sample SO3-R [16] for each of
the transducers.

After that, measurements were carried out at 10 dif-
ferent points of the rail P-50' at 10 different points of the
rail head working edge. Conditional amplification values,
which are achieved when the bottom signal crosses
the level of 50% of the screen height and the thickness of
the rail head (its depth), were measured.

V. STATISTICAL ANALYSIS OF THE RESULTS

Statistical analysis was carried out in several stages.
The first stage consisted in generalizing and grouping
the obtained results. The second — in determining a cor-
respondence to the normal distribution of results in
the obtained groups. The third — in the selection of meth-
ods used for analysis (parametric [17] or non-parametric
[18] tests) and their application.

The results of the first stage are presented in Table 1.

The rationale for possibility of using small samples is
similar to that used for electroencephalogram signals in
the work [19].

Next, the correspondence of results distribution in
the data groups to the normal probability law was deter-
mined. For this purpose, the graphical method and
the Shapiro-Wilk test [20] were used as shown in Fig. 9.
It should be noted that for all groups, the hypothesis of
a normal distribution of results was confirmed.

After that, statistical analysis was performed using
Student's t-test for samples with a normal distribution of
results [21]. At the same time, the statistical parameter
p was selected equal to 0.05, in accordance with the prin-
ciples given in the work [22]. Statistical comparison was
made for two large groups of results: comparison between
groups of different frequencies results and comparison
between different sensors of the same frequency. Detailed
description of such statistical analysis features is given in
the work [23].

TABLE 1 OBTAINED RESULTS

Name and num-
ber of trans- Sensitivity, dB Measured depth, mm
ducer

62 71,04
53 71,04
59 71,15

P111-2,5-C12- 53 70,89

004 Ne1001 37 70,97
57 70,93
52 70,97
52 70,59
52 70,9
58 70,82
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A. Comparison of measured depth values

Comparison of the results between different frequen-
cies shows for the measured depth values the presence of
statistically significant discrepancies between the ob-
tained results for all the studied frequencies used by the
given piezoelectric transducers (Table 2).

At the same time, there was no difference in measured
depth values for different sensors using the same fre-
quency (Table 3).

B.  Comparison of obtained amplification values

Comparison of results between different frequencies
shows for measured amplification values the presence of
statistically significant discrepancies between the ob-
tained results for frequencies of 1.25 MHz and 5 MHz and
also for 2.5 MHz and 5 MHz (Table 4).

It should be noted that for different sensors, operating
at a frequency of 2.5 MHz, statistically significant dis-
crepancies are absent for measured values of amplifica-
tion (Table 5).

TABLE 2 COMPARISON OF DEPTH MEASUREMENT FOR DIF-
FERENT FREQUENCIES

T-tests: Group 1: 1,25 Group 2: 2,5

Mean | Mean
Variable 1 2 tvalue | df | p

1.25 MHz and 2.5 MHz, mm (70,04 170,84 [-10,01 |28 (0,00

TABLE 3 COMPARISON OF DEPTH MEASUREMENT FOR DIF-
FERENT SENSORS OF ONE FREQUENCY

T-tests: Group 1: 1081 Group 2: 894

Mean Mean
Variable 1 2 tvalue 1 df | p
2.5 MHz, mm 70,93 70,76 1,64 18 10,12

TABLE 4 COMPARISON OF AMPLIFICATION LEVEL FOR FRE-
QUENCIES 2.5 AND 5 MHZ

T-tests: Group 1: 2,5 Group 2: 5

Mean | Mean
Variable 1 2 tvalue | df | p
2,5 MHz and 5 MHz, dB 55,85 [71,1 -15,97 38 10,00

TABLE 5 COMPARISON OF AMPLIFICATION LEVEL FOR DIF-
FERENT SENSORS OF ONE FREQUENCY

T-tests: Group 1: 1081 Group 2: 894

Mean Mean
Variable 1 2 t-value a P

2.5 MHz, dB 55,7 56,0 -0,24 18 (0,81

TABLE 6 COMPARISON OF AMPLIFICATION LEVEL FOR DIF-
FERENT SENSORS OF THE SAME FREQUENCY IN CASE OF
STATISTICALLY SIGNIFICANT DIFFERENCE BETWEEN THEM

T-tests: Group 1: 424 Group 2: 420
Mean Mean .
Variable 1 2 t-value af s
5 MHz, dB 73,1 69,1 3,36 18 10,0035

Graphical interpretation of the obtained results is
shown in Fig. 10. It can be seen from the given figure that
although the average values for both samples are close,
for one of the transducers the spread of the obtained val-
ues was much greater.

For sensors operating at 5 MHz, statistically signifi-
cant discrepancies were found for measured amplification
values (Table 5).

Graphical interpretation of the obtained results is
shown in Fig. 11. In this case, the average values are dif-
ferent, although the spread of values was approximately
the same.

CONCLUSIONS

The possibility of acoustic transducers with a non-
standard installation site (working or non-working edge
of the rail) application for rail control as a part of existing
on the modern market rail flaw detectors is analyzed.

Additionally, the possibility of using eddy current
devices as complementary to these ultrasonic transducers
is considered.

Histogram: NewVard
K-S d=,20000, p> .20; Lilliefors p> .20
Shapiro-Wilk W=,88912, p=,16573

| -
gl

\7

No. of obs.

1 ’7
53 54 55 56 57 58 59
X <= Category Boundary

Fig. 9. Analysis of compliance the results distribution in the group with
the normal probability law

Box & Whisker Plot: 2,5 MHz
57,5
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1001 894

Gain, dB
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Fig. 10 Values of amplification for various 2.5 MHz sensors
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Box & Whisker Plot: 5 MHz
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Fig. 11 Values of amplification for different sensors operating at 5 MHz

During the experiments, the amplification value and
the thickness (depth) of the rail head were used as infor-
mation parameters. The range of amplification values
obtained had a minimum value of 52 dB and a maximum
value of 77 dB, with an increase in amplification values
when using a 5 MHz transducer.

The numerical values of measured parameters,
obtained during the experiment, were estimated by estab-
lishing the correspondence of the distribution in test
groups to the normal law. To do this, the Shapiro-Wilk
method, graphical analysis, as well as statistical analysis
using the parametric method — the Student t-test was

side of the rail head) and using such an installation of
a scanner to detect 30B.1-2 defects (DG) or 113.

In addition, during the analysis, a statistically signifi-
cant difference between the measured rail head thickness
values in the case of using different frequencies sensors
was established, while this difference is absent for differ-
ent sensors of the same frequency.

During the analysis of obtained amplification values
a statistically significant difference between 5 MHz sen-
sors and other frequency sensors (1.25 MHz and
2.5 MHz) was established. At the same time, for 5 MHz
sensors, there is a statistically significant difference in
a case of sensor change (for the sensor P111-5-K6-004
No. 420, the average amplification level in group was
69.1 dB, for the transducer P111-5-K6-004 No. 424,
the amplification value was 73.1 dB), which was not
observed for sensors of other frequencies. A possible rea-
son for this is the small diameter of the contact zone of
the transducer.
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Anomayia—Ha naHuii MOMEHT NOTSTH € OAHUM i3 HAMIIBHIIUX Ta HAWNOTYKHIIIMX 32c00iB TPAHCIIOPTYBAHHA Ta
nepecyBaHHs MO Cylli, IKUI Biflirpae 3HaYHY PoJib y CTAJIOMY €eKOHOMIYHOMY PO3BHUTKOBI Cy4acHOro cBirty. ;11 BUKoOpHC-
TaHHSI BKa3aHOr0 TPAHCNOPTY MOTPiOHO 3a0e3meunTH Oe3nepediiiHe Ta HaliliHe MepecyBaHHs MOTHATIB MO AKICHO BKJaje-
HHMM TA HAJIHHUM KOJ1isiM. 3a1i3HH4YHI K01l HeoOXinHI /1A pyXy NOI3]iB, i CKI1a1al0ThCA 3 PeioK, 0II0pP, IINAJ i JOPOKHbLOTO
MOJIOTHA /1 PO3NOALTY HABaHTAXKEHHA Noi3aa. Peiiku mocrilino nmiaisaraoTs Aii nomkoxxyw4ux paxkropis — reprs 06
KoJleca HOTHTIB, il Baru norAris Ta noroauux gakropis. Ili ¢pakropyn cyTrT€BO BIIIMBAIOTH HA MAKCMMAJILHO MOKJIUBUIM
TepMiH ekcruiyaTanii sik peiikoBoro, Tak i pyxomoro ckiaay. Peiiku nocriiiHo nmingamoTbes Ail HABAaHTAa:KeHHs] BHACTII0K
TepTsl 00 KoJieca Moi3/1a, TenJI0Boi 3MiHU A0B/KHHH, 2 TAKO0XK JAe(eKTH pelikH MOKYTh BUHHKATH Yepe3 KOPOo3il0, BUKJIHKAHY
30BHIlIHIM cepeoBHIIEM YU NOLIKOIKEHHS Ml Yac BUPOOHMUTBA a00 exkciuryaTauii (MexaHiYHHM Y TepMiYHUM).

Came Tomy B AaHiil po0oTi 0y/10 PO3IJISIHYTO MOKJIMBICTH 3aCTOCYBAHHS NMPHCTPOIO VISl KOHTPOJIIO CTaHy peiiku i3
HeCTaHJAPTHHM (00KOBHM) BCTAHOBJICHHSIM I1’€30€1eKTPHYHOTI0 aTYMKA. 32CTOCYBAHHS JAHOT0 CKaHepy CIIPSMOBaHe Ha
3MEHIICHHS PU3HKIB BUKOPHCTAHHS HA 3aJi3HHYHHUX HLJIAXAX OJHOHUTKOBHX Je()eKTOCKONIB, 110 MAIOTh cUCTeMYy (ikcamii
Ha peiini y Buriasji Asox pe6opa. Takox BHKOPHCTAHHSA 32a3HAYEHOr0 IPHCTPOIO JA€ 3MOry OTPHMMATH HOBHUI KBaTi(ika-
niiiHnii kpuTepiii HiTiCHOCTI peliky, iKa Po3MilleHa y 32JIi3HUYHOMY IOJIOTHI, 2 caMe HAgBHICTh CHIHAJIY BiJl IPOTHIIEKHOI
rpaHi roJIOBKH peiiku, KOTPHii 0OKpiM Moxk1uBOro BusBjIeHHs Jedexty 30B.1-2(I'/]) ado 113 na€e 3Mory Takoxk peecTpyBaTH
po3BHHeHi fedexTn muiiky peiiky, 110 NepexoATh y il roJIOBKY i pealizyeTbes HIIAXOM NPO3BYYYBaHHS I'0OJIOBKH peiiku
JiHiiiHO MIsIHKM Ko.il y monepeyHoMy HanpsiMi (Big po6o4oi 10 HepoOouoi rpani).

ByJio mociifzeHo 0co0.1MBOCTI BUKOPHCTAHHSI KPYIVIMX YJIbTPa3BYKOBHX NMePeTBOPIOBAYIB Pi3HUX YaCTOT, L0 MOKa-
32710 HEMOKJIMBICTHL BUKOPHCTAHHS NepeTBopoBayiB yactoror 10 MI'u. Ilin yac npoBeaenHs gocainiB 0y/10 BHKOHAHO
cepiio i3 50 BumipoBans — mo 10 Ha KoxkeH i3 5 3acTocoByBaHuX AaT4yuKiB. ToBIIMHA peiikn y TOYLI BCTAHOBJIEHHS CKJIa-
Agaja 71 mMm. BumipoBanns BukonyBanuch Ha 10 pisHux Toukax peiiku P-50 y 10 pi3sHux To4kax po6o4oi rpaHi roJJoBKu
peiiky, ¢ BUMIPIOBAJINCh YMOBHi 3HAYEeHHs NiJCH/ICHHS, 0 JOCATA€TbCS NPU NEPETHHI JOHHUM CHTHAJI0M piBHA 50%
BHCOTH €KPaHy Ta TOBIIMHA rOJOBKH peliku (ii riimduna).

Y po0oTi npencTaBieni cTaTHCTHYHI Pe3yJIbTATH OLIHKH OTPUMAHHX eKCIIEPUMEHTAIbHUX 3HAYeHb TOBIIWHHU peiikn
Ta BiAnoBiAHMX iM piBHIB miacH/IeHH — OTPUMAaHi YHceIbHi 3HAYeHHS eKCIlePUMEHTIB 0yJI0 OlliHEHO IIISIXOM BCTAHOB-
JIEHHs1 BiAMOBIHOCTi PO31OiJly Y TeCTOBUX Ipynax HOPMaJILHOMY 3aKOHOBI i3 Bukopuctanuam Mmerony lllanipo-Binka ta
rpagiyHoro aHaiisy, i3 mogaJbIINM CTATUCTUYHHM AHATI30M i3 BUKOPUCTAHHSAM NMapaMeTPUYHOI0 METOLy — t-KpUTepilo
Crbioaenra. [IpoBeaeHuii anaj i3 mokazaB MOKJIMBICTH OTPUMAHHS 0a:KaHUX Pe3yJbTATIB (a camMe CUTHAJY BiJl MPOTHIIEK-
HOI CTOPOHM I0JIOBKH PeiiKi) Ta BUKOPUCTAHHS TAKOI0 BCTAHOBJICHHS CKaHepy A5 BusiBJeHHs AedekTiB 30B.1-2(I'/1) ado
113 no eBpomneiicbKkoMy CTaHIapTOBi. By/10 BUSIBIeHO HASIBHICTH CTATHCTHYHO 3HAYMMHX BiIMiHHOCTel NpU NpoBeneHi
KOHTPOJII0 JaTYHKAMH Pi3HOI YACTOTH Ta Pi3HUMH JaTYMKAMM O/IHi€l YacTOTH (110 AKTyaabHO Juie ;g 5 MI'n). Buzna-
YeHa Pi3HMLA MiX MAKCHMAJIBHMM i MiHiMaJBHMM cepeiHiM y TecTOBi rpyni BUMIpsSiIHUM 3HaYe€HHSIM TOBIUMHM peiiku
ckjana 0,06 MM, a Mizk piBHsAMH nigcuienns — 17 ab.

Knrouogi cnoea — nepyiinieHuit KOHmMpPOab; exo-iIMNYAbCHUIL; 03EPKAIbHO-MIHbOBUIL; 207108KA PEIIKU.
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