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Abstract. The increasing intensity of railway transportation requires reliable and suf-
ficiently frequent technologies for monitoring the technical condition of rails and timely de-
tection of internal and surface defects. Conventional ultrasonic inspection based on remov-
able flaw-detection trolleys is effective for rail non-destructive testing; however, its applica-
tion may be associated with limitations in mobility, deployment time, inspection continuity,
and access to geographically distributed track sections. The aim of this study is to develop
and experimentally evaluate a mobile diagnostic laboratory (MDL) based on a road-rail
platform for continuous ultrasonic inspection of railway rails under operational conditions.
The scientific novelty consists in the experimental investigation of an integrated road-rail
diagnostic platform equipped with wheeled ultrasonic transducers and in the comparative
assessment of its flaw patterns against those obtained using conventional ultrasonic inspec-
tion equipment. Field tests were conducted under operational railway conditions to assess
the continuity, stability, mobility, and diagnostic performance of the proposed system. The
results demonstrated the operational feasibility of the MDL and showed its potential to im-
prove the mobility, continuity, and organizational efficiency of ultrasonic rail inspection. The
practical significance of the study lies in the possibility of deploying the MDL for flexible
inspection of extensive railway networks while reducing dependence on conventional remov-
able flaw-detection equipment and associated logistical arrangements.

Keywords: mobile diagnostic laboratory, road-rail platform, rail flaw detection, ultra-
sonic testing, non-destructive testing, wheeled ultrasonic transducers, railway inspection,
rail defects.
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Anparna. Temipoxcon maculManblHbIY 0CIin Kele HamKaH KapKblHObLIbIRbL pelbCmepOil
MEXHUKANILIK HCa20AUbIH OAKblLIAYObIH CEHIMOI JHCIHE HCUI MEXHONLOUSNAPLIH JHCIHE TUKI
JHCOHe dicep  yCcmi  aKayiapulH  Yakmulibl  AHbIKMAyobl manan emedi. AnvinOanvl
Odehekmockonusivl apoanapea Hezizoencen a0emmezi  YabmpaovloObicmvlK OAKblLiAy
penvcmi  Oy30aumvin  OaKbiIAY YWwiiH Muimoi, 0ipaK OHbl KOAOAHY YMKbLIPJIbIKMbIY
uiekmeynepine, OpHANACMbIPY YAKLIMbIHA, OAKbLIAYObIH Y30IKCI3012iHe JHCaHe 2e02pahusnblK
OoiHeeH JHCON yuacKenepine Kol Jcemrizyee oauianvicmol 601ybl MyMKiH. byn sepmmeydin
Makcamol NAtoanany Hca20aublHOa MemipiHcon pelbCmepin Y30iKCi3 yIbmpaoblOblCmblK
bakvliay2a apHan2an — A8MoMOOUIL-MEMIPAHCON  NAAmM@opmacvl He2iziHoe MOOUNbOL
ouasHocmuxanvlx 3epmxaranvl (MDL) 23ipney oicone skcnepumeHmmix 6aganay 0OoJvin
maobwlLIaAobl. Fornoimu AHCAHANBIK-OOHRAIAKMAPOARbl VIbMPAObLIObICIMbIK
mypaeHoipeiuumepmer  HAOOLIKMANZAH — UHMESPAYUSIAHEAH — ABMOMOOUTL-MEMIPIHCOT
OUACHOCMUKANLIK ~— NAAM@OPMACHIH ~ IKCNEPUMEHMMIK — 3epmmey  JHcoHe  a0emmezi
VIbMPaosblObicMulK, — OAKbLIAY — HCAOObIEbIMEH — ANbIHRAH — AKAylapobly — CUNAMBbIH
canvicmolpmanvl  6aeanay.  ¥culmwlian — oicyleHiy  y30IKCi30iciH,  MYpaKmblibl2blH,
YMKBIPAbIZbIH HCIOHE OUACHOCMUKANLIK, CUNAMMAMANAPbIH 0a8anay YuiiH memipiconovl
nauodanany Hcaz0aublHOa 0anNanslk colhakmap xcypeizinoi. Homuowcenep MDL-0iy scymolc
icmey MYMKIHOI2IH Kepcemmi JcoHe OHblH pelbCmi YIbmpaoblobiCmulK, OaKblLIaAyOblH
YMKbIPAbIZbIH, Y30IKCI3012IH HCIHE YULIMOACMBIDYULLLIbIK, MUIMOLNICIH apmmulpy aneyemin
Kkepcemmi.  3epmmeyoiy — NPAKMUKAILIK — MAHbI30bLIbIELL  K20iM2i  anbiHOAb
0ehexmocKONUsIbLIK HADOLIKKA HCIHE OHbIMEH OAUNAHBICTbL IOCUCTMUKANBIK, IC-Uapaiaped
mayenoinikmi azauma omvlpvin, Key memipiHcon dceriiepin uxemoi oaxviaay yuiin MDL
KONOAHY MYMKIHOI2T 601bin madwuliaowl.

Tyiiinai cesmep: orcbLIdNCLIMANBL OUACHOCMUKANLIK 3EPMXAHA, ABMOMOOUNL HCIHE
MeMipIHCcONl NIam@opmacsyl, perbcmik akayiap, yibmpaovlovicmvix 6axwiiay, 0y30aimuolH
bakwvliay, OoHeanaKmel YibmMpaoblOblCMulK MmypieHOipeiumep, mMemipiHcon OaKuLiaybl,
penvcmepoezi akayaap.
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OIIEHKA MOBWJIbHOM JJUATHOCTUYECKOM JABOPATO-
PUU HA BA3E ABTOMOBWJIbHO-)KEJE3HOJOPOXHON
HJIAT®OPMBI 114 YJIIBTPAZBYKOBOI'O KOHTPOJISA PEJIb-
COB
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AnHoTaums. Pacmywas uHmeHcUSHOCMb HCele3HOOOPONCHBIX NePeso30K mpebyem
HAOEMHCHBIX U OOCMAMOYHO YACMbIX MEXHOI02UI MOHUMOPUHSA MEXHUYECKO20 COCMOSHUS
PeNbCOB U CB0EBPEMEHHO20 BbIABNICHUS BHYMPEHHUX U NOBEPXHOCMHBIX Oeghekmos. OObiubill
VAbMPA38YKOBOU KOHMPOJb, OCHOBAHHBIN HA CHEMHBIX 0eheKmMOCKONUYECKUX MeNeNHCKax,
apexmugen 0na Hepaspywiaroujeco KOHMPOJsL peibcos, 0OHAKO €20 NPUMEHeHUe MOX4Cem
ObIMb C8A3AHO € 02PAHUYEHUSIMU 8 MOOUTILHOCIUL, 6DEMEHU PA36ePMbLEAHUS, HENPEPLIGHOCMU
KOHMPOJIsL U 0ocmyne K 2eozpaguuiecku pacnpedeneHHvim yuacmkam nymu. [leavro 0annoeo
UCCe008aHUsL  AGTAEMCL  pa3pabomKa U IKCNEPUMEHMANbHASL  OYEHKA  MOOUIbHOU
ouaenocmuyeckou Jnabopamopuu (MDL) Hna 6aze agmomooOUnbHO—IHCENE3HOOOPOIHCHOU
naamgopmul 05t HENPEPLIBHO2O YILMPA38YKOBO20 KOHMPOJISL HCEEZHOOOPOICHBIX PElbCO8 8
yenosuax  axkcnayamayuu. Hayunas Hoeusna 3axniouaemcs 8 —IKCNEPUMEHMATbHOM
UCCE008AHUU  UHMESPUPOBAHHOU  ABMOMOOUTLHO—IHCENE3HOOOPOICHOU  OUACHOCIUYECKOLL
niam@opmul, OCHAWEHHOU YIbMPA3EYKOBLIMU NPeodpa3osamensimu Ha Kolecax, U 8
CPABHUMENbHOU OYeHKe Xapakmepa O0epexkmos, NONYUEHHbIX ¢ HOMOUWbIO 0ObIYHO2O
000pyoosanus 01 Yibmpasgykoeoco KoHmpois. llonesvle ucnvimanus Ovbi1U NPOGEOeHbl 8
VCIOBUAX IKCHILYAMAYUU HCENe3HOU 00pocU OISl OYEHKU HenpepbleHOCMU, CMAabUlbHOCHU,
MOOUTBLHOCIMU U OUACHOCIMUYECKUX XaAPAKMePUCmMuK npediazaemoli cucmemsl. Pezynromamoi
NPOOEMOHCMPUPOBANU BO3MONACHOCIL IKCHAyamayuu MDL u noxazanu ee nomenyuan OJis
nosbluleHUss  MOOUTLHOCMU, HENPEPLIBHOCMU U OP2AHU3AYUOHHOU  d¢hdexmusHocmu
VIbMPA38YKOB020  KOHMPOs — penvcos. lIpakmuyeckas — 3HAYUMOCMb — UCCLE008AHUS
3aKaYaemcs 6 803ModicHocmu npumenenuss MDL 0na eubkoeo Kowmpons 0OWUPHbIX
JHCENe3HOOOPOICHBIX cemell NPU O0OHOBPEMEHHOM CHUNCEHUU 3A8UCUMOCTU OM 0ObIYHO20
CLEMHO20 0eeKmMOCKONUYECcK020 000PYOOBAHUSL U CBA3AHHBIX C HUM JOSUCUYECKUX
Meponpusmui.

KiroueBble ¢j0Ba: nepedsudicHas OUAeHOCMU4ecKas 1abopamopus, aemomoOUIbHO-
JHCEeNe3HOO00POACHAS NAAMPOpMA, 0eheKMOCKONUs PelbCos, YIbMpPa3gyKo8ol KOHMpPOlb, He-
Paspyuaowull KOHMpPOJb, KOJIEeCHble VIbMmpa3gyKogble npeoopazoeameu, Heie3Ho00poxtc-
HbLUL KOHMPOJIb, 0eheKmbl pelibCos.
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1 INTRODUCTION

The reliability and safety of railway and urban rail infrastructure are essential for maintaining
sustainable passenger and freight transportation. Railway lines, tram networks, light rail systems, and
commuter railways operate under repeated mechanical and environmental loads throughout their ser-
vice life. Increasing traffic intensity, higher transportation demands, and the need to maintain infra-
structure in an appropriate technical condition require effective approaches to the continuous inspec-
tion and timely detection of defects in track components.

Rails are among the most critical elements of railway and tram infrastructure because they di-
rectly receive repeated loads from moving rolling stock and transfer these loads to the supporting
track structure. During operation, rails may develop fatigue damage, internal discontinuities, surface
defects, and other forms of structural degradation. The detection and quantitative assessment of hid-
den rail cracks remain important tasks of non-destructive testing because such defects may not be
identifiable by conventional visual inspection alone [1,3,16]. Operational measurements have also
demonstrated the importance of assessing stresses arising in rails under the influence of moving roll-
ing stock [12]. If rail defects remain undetected, they may contribute to deterioration of track perfor-
mance and increase maintenance requirements. In urban rail and tram systems, the condition of rails
is also important because deterioration of track components may affect dynamic interaction and the
operational characteristics of the system [13-15]. These factors emphasize the need for reliable and
sufficiently frequent non-destructive testing (NDT) of rails throughout their service life.

Conventional rail inspection systems generally combine visual and measuring inspection with
ultrasonic, magnetic, eddy-current, and other non-destructive testing methods. Ultrasonic testing
(UT) is particularly important for detecting internal rail defects that may not be visible from the sur-
face, and ultrasonic phased-array techniques have been investigated for improving the capabilities of
rail flaw detection [1]. Magnetic and eddy-current methods provide complementary information con-
cerning surface and near-surface discontinuities and require appropriate processing of the resulting
defectograms [4-7,17,20]. Visual inspection and computer-vision methods can additionally be used
to identify visible rail and track-component defects, including elements such as rail fasteners [2]. The
combined use of these methods provides a comprehensive basis for assessing rail condition; however,
their practical effectiveness depends not only on the physical measurement principle but also on the
organization, mobility, accessibility, and continuity of inspection operations.

In Kazakhstan and the Russian Federation, rail NDT procedures and equipment are regulated
by arange of national and international standards. Visual and measuring inspection, ultrasonic testing,
ultrasonic thickness measurement, piezoelectric transducers, and magnetic inspection are addressed
by relevant GOST and international standards, including GOST 23829-85, GOST R 55724-2013,
GOSTR 55614-2013, GOST R ISO 16809-2015, GOST R 55725-2013, GOST R 55808-2013, GOST
24450-80, and applicable EN ISO and ASTM standards. These regulatory requirements provide a
technical basis for the organization of rail inspection and the use of specialized diagnostic equipment.

Despite the established regulatory and technical framework, the organization of rail flaw detec-
tion on extensive railway and urban rail networks remains associated with several practical limita-
tions. Conventional inspection may involve portable flaw-detection trolleys, specialized diagnostic
vehicles, and personnel who must be transported to designated sections of infrastructure. Such ar-
rangements can complicate access to remote or spatially distributed track sections, require coordina-
tion of inspection windows, and increase the organizational resources needed to maintain regular
inspection schedules. The problem becomes particularly relevant on long railway lines and in urban
agglomerations, where diagnostic operations must be coordinated with intensive train or tram traffic
and where the available time for inspection may be limited.

The development of mobile diagnostic technologies provides an opportunity to address some
of these limitations. Recent studies have investigated ultrasonic inspection [1,3], visual inspection
and computer vision [2,8-11,19], magnetic and eddy-current testing [4-7,17,20], and the processing
and automated interpretation of diagnostic signals [4-7,20]. These studies demonstrate the increasing
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role of automated data processing in railway inspection. Computer-vision and deep-learning ap-
proaches have been applied to rail surface defect detection and classification using different neural-
network architectures, including convolutional neural networks, Mask R-CNN, YOLOv4, YOLOVS5s,
and other deep-learning models [8-11,19]. At the same time, digital processing methods have been
developed to improve the extraction and interpretation of useful information from magnetic and eddy-
current defectograms [4-7,20]. However, these developments primarily concern individual diagnostic
technologies or data-processing procedures, whereas the organizational and technological problem of
providing continuous rail inspection using a highly mobile platform remains insufficiently addressed.

Particular attention should therefore be given to mobile diagnostic systems capable of combin-
ing transportation and measurement functions. Existing portable flaw-detection trolleys are directly
adapted for movement along the railway track but require access to the track and the organization of
personnel and equipment at the inspection location. Specialized diagnostic vehicles provide greater
equipment capacity and productivity but are generally designed specifically for railway operation and
may require additional logistics for reaching infrastructure sections that are not directly accessible by
rail. A road-rail platform provides a different organizational concept by integrating the mobility of a
road vehicle with the ability to operate on railway infrastructure. Such a configuration may reduce
the dependence of diagnostic operations on separate transportation arrangements and facilitate access
to geographically distributed inspection locations.

The research gap addressed in the present study concerns the limited experimental investigation
of mobile diagnostic laboratories implemented on road-rail platforms for continuous ultrasonic rail
inspection under operational conditions. Although mobile and automated rail inspection technologies
have been widely studied, comparatively less attention has been given to a platform that integrates
transportation, ultrasonic diagnostic equipment, and operator-controlled inspection functions within
a single mobile unit. In particular, experimentally supported comparisons between defect patterns
obtained using such a mobile laboratory and conventional rail flaw-detection equipment remain lim-
ited. Addressing this gap is important for determining whether the proposed mobile configuration can
provide sufficiently consistent diagnostic information while improving the mobility and continuity of
inspection operations.

The scientific problem of the study is therefore formulated as the need to improve the organi-
zation of rail flaw detection by combining the mobility of a road—rail vehicle with the functionality
of a continuous ultrasonic inspection system. The problem is not limited to the development of an
individual ultrasonic sensor or a new signal-processing algorithm. Rather, it concerns the practical
implementation of a mobile diagnostic laboratory in which the transport platform and diagnostic
equipment operate as an integrated field unit.

The aim of this study is to develop and experimentally evaluate a mobile diagnostic laboratory
(MDL) based on a road-rail platform for continuous ultrasonic inspection of railway rails under op-
erational conditions. To achieve this aim, the following objectives were defined:

—to analyze the existing organization and technical arrangements used for rail flaw detection;

—to develop the concept and technical configuration of a mobile diagnostic laboratory based on
a combined road-rail platform;

—to conduct operational tests of continuous ultrasonic rail inspection using the developed mo-
bile laboratory;

—to compare defect patterns obtained using the MDL with the results of conventional rail diag-
nostic equipment; and

—to evaluate the operational effectiveness of the proposed configuration in terms of inspection
continuity, mobility, diagnostic consistency, and organizational requirements.

The literature reviewed in this study can be grouped into several complementary research di-
rections. The first concerns the development of physical NDT methods. Studies [1,3] have investi-
gated ultrasonic approaches for rail inspection, including ultrasonic phased-array techniques and
methods for the detection and quantitative assessment of hidden rail cracks. Other studies [4-7,17,20]
have examined magnetic and eddy-current inspection and the processing and automated interpretation

58
https://doi.org/10.51488/1680-080X/2026.3-07



https://doi.org/10.51488/1680-080X/2026.3-07

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

of corresponding diagnostic signals. These approaches demonstrate the continuing development of
physical measurement technologies and their potential for automation.

A second research direction concerns automated visual and digital interpretation of inspection
data. Studies [2,8-11,19] have investigated computer-vision and deep-learning methods for the iden-
tification and classification of railway defects and track components. These include automated visual
inspection of railway components [2], deep-learning methods for rail surface defect detection [8-11],
and neural-network-based diagnostics of railway track elements [19]. Such methods can provide rapid
processing and automated classification when sufficiently representative training datasets are availa-
ble. However, their effectiveness depends on the quality and representativeness of the input data and
on the specific operating conditions under which the inspection system is used. Consequently, digital
and artificial-intelligence methods should be considered complementary to, rather than a replacement
for, reliable physical measurements of rail condition.

A third research direction concerns the mechanical and dynamic behavior of railway infrastruc-
ture. Operational measurements of rail stresses under moving rolling stock have been reported in [12],
while the performance of intermediate rail fastenings under operational loading has been investigated
in [13]. Experimental studies of the dynamic properties of soils in railway embankments are presented
in [14], and issues related to the safe operation of railway artificial structures have been considered
in [15]. These studies demonstrate the importance of considering the mechanical response of rails,
track components, and supporting infrastructure under operational loading. However, such measure-
ments generally provide complementary information about the structural and operational condition
of railway infrastructure and do not replace direct NDT techniques when internal rail discontinuities
must be identified.

A fourth research direction concerns digital technologies and automated processing for infra-
structure monitoring. Internet-of-Things technologies have been investigated for urban rail transit
signal and control applications [18], while digital signal-processing approaches have been developed
for the suppression of interference in eddy-current defectograms [20]. Together with neural-network-
based approaches [6,8-11,19], these studies demonstrate the potential for combining sensors, compu-
tational methods, and digital information systems to improve railway inspection and monitoring.
However, the integration of information technologies does not by itself resolve the practical problem
of delivering a mobile physical diagnostic system to different infrastructure sections and maintaining
continuous ultrasonic inspection under operational conditions.

Thus, existing research demonstrates substantial progress in individual NDT methods, auto-
mated data processing, visual inspection, and digital infrastructure monitoring. Nevertheless, these
developments do not fully address the organizational and mobility requirements associated with con-
tinuous field inspection over extensive railway and urban rail networks. In particular, there is a need
for experimental assessment of mobile diagnostic configurations that can combine road mobility with
direct operation on railway infrastructure and integrate the necessary ultrasonic inspection equipment
within a single platform.

The proposed MDL addresses this gap by combining the functions of a transport platform and
a diagnostic laboratory. Its distinguishing feature is not the introduction of a fundamentally new ul-
trasonic measurement principle, but the integration of an established ultrasonic rail inspection tech-
nology into a mobile road-rail platform and its experimental evaluation under operational conditions.
This approach makes it possible to assess the feasibility of continuous rail inspection while reducing
the dependence of diagnostic operations on separate transportation and deployment arrangements.

The scientific novelty of the study lies in the experimental investigation of a mobile diagnostic
laboratory based on a road-rail platform for continuous ultrasonic rail inspection under operational
conditions. The study provides experimental evidence concerning the applicability of this configura-
tion and compares the defect patterns obtained using the mobile laboratory with those obtained using
conventional diagnostic equipment. In contrast to studies focused primarily on individual NDT tech-
nologies or automated data-processing algorithms [1-11,16,17,19,20], the present work considers the
mobility and organizational implementation of the diagnostic system as an integral part of the inspec-
tion process.
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The practical significance of the study is associated with the potential use of the proposed MDL
for improving the accessibility and continuity of rail inspection on extensive railway and urban rail
networks. The proposed configuration may facilitate the deployment of diagnostic equipment to dif-
ferent infrastructure sections, reduce organizational constraints associated with conventional inspec-
tion arrangements, and provide a basis for more flexible scheduling of ultrasonic rail examinations.
The obtained experimental results can also contribute to the further development of mobile railway
diagnostic systems and their integration into broader digital infrastructure-monitoring frameworks.

Overall, the study is focused on the experimentally supported evaluation of a mobile road-rail
diagnostic concept, rather than on the development of a new artificial-intelligence algorithm or a
universal multimodal diagnostic system. This positioning provides direct consistency between the
identified research gap, the study objectives, the experimental methodology, and the claimed scien-
tific novelty.

2 MATERIALS AND METHODS

2.1 Experimental object and mobile diagnostic laboratory

The experimental object was a mobile diagnostic laboratory (MDL) designed for continuous
non-destructive testing of railway rails under operational conditions. The MDL was manufactured by
JSC Radioavionika (St. Petersburg, Russia) and equipped with ultrasonic rail flaw-detection equip-
ment and auxiliary non-destructive testing devices.

Organization of the field experiment.

The field tests were conducted by a working group of JSC NC KTZ with scientific and technical
support from specialists of the Testing of Tracks and Artificial Structures laboratory of ALT Univer-
sity named after M. Tynyshpayev (Doctor of Technical Sciences - S.S. Khasenov, Candidate of Tech-
nical Sciences - M.Ya. Kvashnin, Candidate of Technical Sciences., Ph. D -1.S. Bondar).

The MDL was installed on a road-rail platform, which enabled movement along the railway
track while performing continuous ultrasonic inspection. A converted railway wagon No. 24543 was
used as a service and storage wagon for transportation and accommodation of the diagnostic equip-
ment. The general configuration of the MDL and its main equipment is presented in Figures 1-3.

Figure 1 — General view of the mobile diagnostic laboratory on the road—rail platform [ Authors' material]
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Figure 3 — Converted wagon No. 24543 for a "garage car" for transporting "MDL" [ Authors' material]

A principal feature of the tested configuration was the use of wheeled ultrasonic transducers
instead of conventional sliding transducers. The wheeled transducers were designed to maintain sta-
ble acoustic contact with the rail surface during movement. Their elastic contact shell allowed the
transducer to follow local irregularities of the rail surface, including irregularities occurring in rail
joint areas.

The diagnostic system was supplemented by the locomotive on-board safety system «Bort»,
which was used to ensure safe movement of the MDL during the experimental runs.

2.2. Test site and operating conditions

The experimental tests were performed on the IZHU Iletsk railway site in the Orenburg Region,
Russia, including the Sol-Iletsk area. The investigated railway infrastructure comprised 13 separate
operational points, including five stations and eight sidings. The railway network included single-
track sections, main tracks with a total length of 156.99 km, station tracks with a total length of 94.3
km, and access tracks with a total length of 19.5 km.

The annual freight traffic intensity of the investigated section was approximately 18.41 million
gross ton-km/km. The test infrastructure included 53 curved track sections with a combined length of
approximately 21.0 km and 24 railway crossings.

The field experiment was conducted under normal railway operating conditions. Measurements
were performed during daytime operation and under seasonal environmental conditions, including
naturally occurring precipitation and ambient temperature variations. The MDL operated within
closed technological windows, during which the required track-access and safety procedures were
implemented.
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The selected test site was considered suitable for evaluating the operational performance of the
MDL because it contained different track configurations, rail joints, curved sections, crossings, and
areas with potentially increased difficulty for ultrasonic inspection.

2.3. Experimental design and comparative inspection procedure

The experimental study was designed to evaluate the applicability of continuous ultrasonic rail
inspection using the MDL and to compare its indications with those obtained using conventional
removable ultrasonic inspection equipment.

The principal experimental sequence consisted of two complementary inspection procedures.
First, the investigated track section was inspected continuously by the MDL using wheeled ultrasonic
transducers. Second, on the same day, the corresponding section was additionally inspected using a
conventional removable two-rail flaw-detection trolley equipped with ultrasonic inspection equip-
ment and a recorder.

Thus, the comparison was performed under approximately identical track and environmental
conditions and within the same operational period. This approach reduced the influence of changes
in rail condition, temperature, moisture, and other time-dependent factors on the comparison.

A total of 120 km of railway track was examined during the MDL field tests. During each MDL
inspection, the ultrasonic responses generated by the rail were continuously recorded together with
the location of the detected indications and the operating parameters of the diagnostic laboratory.

The conventional flaw-detection trolley was used as the comparative inspection system. Its re-
sults were subsequently compared with the MDL flaw patterns. The comparison was focused partic-
ularly on rail joint areas, where the quality of acoustic contact and the complex geometry of the in-
spected zone can adversely affect conventional sliding ultrasonic transducers.

The experimental workflow was therefore:
preparation and functional verification of the MDL;
inspection of the designated railway section using wheeled ultrasonic transducers;
continuous recording of ultrasonic responses and MDL operating parameters;
localization of indications associated with possible rail discontinuities;

5. inspection of the corresponding track section using the conventional removable flaw-detec-
tion trolley;

6. comparison of the resulting flaw patterns;

7. analysis of signal stability, zero-line behavior, localization of indications, and detection of
discontinuities;

8. evaluation of the applicability of the wheeled-transducer configuration for continuous rail
inspection.

b=

2.4. Ultrasonic inspection system and control parameters

Ultrasonic testing was performed using piezoelectric ultrasonic transducers operating at a nom-
inal frequency of 2.5 MHz with a tolerance of +10%.

Different ultrasonic wave incidence angles were used to inspect the principal structural zones
of the rail, including the rail head, web and foot. The applied incidence angles were 0°, 45 + 2°, and
70 £ 3°, depending on the inspected zone and sound path.

Both pulse-echo and mirror (through-transmission/reflection) inspection schemes were used.
The combination of different incidence angles and sound paths provided ultrasonic coverage of the
principal rail cross-sectional regions. The main parameters used for the ultrasonic inspection are sum-
marized in Table 1.

2.5. Inspection of aluminothermite-welded rail joints

A separate part of the experimental analysis concerned the ultrasonic inspection of alumino-
thermite-welded rail joints. These zones were selected because their geometric configuration and
metallurgical structure can complicate ultrasonic wave propagation and may produce unstable signals
or local losses of sensitivity.
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For each inspected joint, the ultrasonic system recorded the response of the control channels
corresponding to the rail head, web and foot. The recorded information was used to characterize the
position and intensity of ultrasonic indications and to determine whether the indication corresponded
to a potentially significant discontinuity.

The analysis considered the following parameters:

— coordinates of the indication;

— amplitude of the ultrasonic echo response;

- control channel and inspection zone;

- probe angle and sound path;

- estimated dimensions of the discontinuity;

- sensitivity level at which the indication was recorded;

- stability of the signal and zero line;

- correspondence of the indication with the result obtained using conventional inspection equip-
ment.

The minimum detectable discontinuity size depended on the inspection zone and ultrasonic
sound path. The experimental configuration provided sensitivity to discontinuities in the order of
approximately 3-6 mm, depending on the direction of ultrasonic wave propagation and the inspected
rail zone.

2.6. Recording and localization of ultrasonic indications

During MDL movement, the ultrasonic signals were continuously recorded by the diagnostic
system. The recorded data were associated with the position of the MDL along the railway track,
allowing individual indications to be spatially localized.

For each indication considered relevant for subsequent analysis, the following information was
extracted from the recorded flaw pattern:

I = {x;, A, Z;, a;, 5;} (D

where X; - is the longitudinal coordinate of the indication, A; - is the recorded signal amplitude, Z; - is
the inspected rail zone, a; - is the ultrasonic probe angle, and S; - is the corresponding sensitivity level.

This representation enabled the MDL results to be compared with the indications obtained from
the conventional removable flaw-detection trolley.

Particular attention was paid to the stability of the zero line. An offset of the zero line can affect
the interpretation of flaw patterns and may lead to incorrect assessment of the amplitude of the rec-
orded response. Therefore, the stability of the baseline was considered an important diagnostic quality
parameter.

The examples of acceptable and critical zero-line displacement obtained during the experiment
are presented in Figure 4.

2.7. Reference inspection and comparison of flaw patterns

The results obtained using the MDL were compared with the results of the conventional remov-
able two-rail flaw-detection trolley operated on the same track section during the same day.

The conventional inspection was used as the reference comparative method, rather than as an
independent absolute ground truth. This distinction is important because the purpose of the experi-
ment was primarily to evaluate the practical agreement and operational applicability of the MDL
rather than to establish an absolute probability of detection for all possible rail defects.

The comparison was based on three principal characteristics:

—spatial correspondence - whether an MDL indication was located in the same rail section as
an indication obtained using the conventional equipment;

—signal correspondence - whether the two systems produced responses associated with the same
ultrasonic discontinuity or rail-joint feature;
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—classification correspondence - whether the indication was interpreted as requiring further as-
sessment or inspection by both methods.

Where the two inspection systems produced indications in the same rail location, the signals
were treated as corresponding indications. Indications detected only by one system were analyzed
separately to determine whether they were related to differences in inspection principle, acoustic cou-
pling, signal stability, or the geometry of the inspected rail zone.

Because the available experimental data do not provide a separately verified independent
ground-truth database, the comparison is reported in terms of agreement and correspondence of flaw
patterns, rather than an absolute diagnostic accuracy.

2.8. Criteria for identification of potentially defective joints

A rail joint was considered potentially defective when the ultrasonic response satisfied the es-
tablished control criteria.

The interpretation procedure considered three principal conditions:

Accho > Awn [XmpL — Xres| < Ax, and Lyise > 5mm )

where Accho - 1s the recorded echo amplitude, A - is the applicable threshold level, Xmpr and Xrer -
are the coordinates of corresponding indications obtained by the MDL and reference inspection, re-
spectively, Ax - is the accepted localization difference, and Luisc - is the estimated linear dimension
of the discontinuity.

The experimental results indicated that signal amplitude was the most sensitive parameter for
identification of potentially defective areas, whereas geometric localization was associated with the
greatest uncertainty. The observed localization deviations could reach approximately 10-15% relative
to the actual position under the tested conditions.

Importantly, the value of Ax used for formal statistical classification should be specified from
the original test protocol if a quantitative event-by-event agreement analysis is subsequently per-
formed. The available experimental description does not provide an independent numerical tolerance
that would justify introducing an additional value.

2.9. Assessment of signal stability and zero-line displacement

In addition to defect indications, the quality of the recorded ultrasonic flaw patterns was evalu-
ated using the stability of the zero line.

Two characteristic signal conditions were distinguished:

- arelatively small zero-line displacement that did not prevent interpretation of the ultrasonic
response;

- acritical zero-line displacement that could interfere with normal operation of the correspond-
ing inspection channel.

These two cases are illustrated in Figure 4.

The assessment of zero-line stability was particularly important for continuous inspection be-
cause the MDL operates while moving along the track. Changes in acoustic contact, rail-surface con-
dition and dynamic interaction between the wheeled transducer and the rail can influence the baseline
of the recorded ultrasonic signal.

The wheeled-transducer configuration was therefore evaluated not only according to the pres-
ence or absence of flaw indications, but also according to the stability of the ultrasonic recording
during continuous movement.

2.10. Data processing
The recorded ultrasonic data were processed in several stages. First, the raw signals were re-
viewed to identify unstable or noise-dominated segments. Second, the signals were normalized where
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necessary to facilitate comparison between control channels. Third, indications were localized ac-
cording to their longitudinal position along the track.
The processed MDL flaw patterns were then compared with the corresponding records obtained
from the conventional flaw-detection trolley.
The comparative analysis included:
— identification of common indications;
— identification of MDL-only indications;
- identification of reference-method-only indications;
— comparison of signal amplitude;
— analysis of zero-line displacement;
- assessment of localization differences;
- assessment of the influence of the inspected rail zone;
— assessment of the influence of the ultrasonic sound path.
For a sufficiently documented set of reference defects, the correspondence between the
two methods can be expressed as:

¢ = Mmater 1000, 3)

Nref

where Nmatch - 1S the number of MDL indications corresponding to indications detected by the refer-
ence method, and Nier - is the total number of reference indications.

However, because the available field-test records presented here do not contain a complete
event-by-event inventory of confirmed defects, the coefficient CC was not used as an independently
validated probability-of-detection metric.

2.11. Evaluation of the MDL operational performance

The operational performance of the MDL was evaluated using the following criteria:
continuity of ultrasonic monitoring during movement;
stability of ultrasonic signal recording;
maintenance of acoustic contact between the wheeled transducers and the rail;
ability to inspect rail joints and other geometrically complex sections;
localization of potentially defective areas;
correspondence between MDL and conventional flaw-detection patterns;

. compatibility of the diagnostic system with safe railway operation.

The principal advantage expected from the wheeled-transducer configuration was improved
acoustic contact with the rail compared with sliding transducers. The elastic wheel shell allows the
transducer to follow local rail-surface irregularities and therefore potentially reduces the deterioration
of ultrasonic coupling in rail-joint areas.

The experimental comparison was consequently focused on the practical ability of the MDL to
maintain continuous inspection and obtain interpretable ultrasonic flaw patterns under actual railway
operating conditions.

NGO LR WL

2.12. Experimental reproducibility and limitations of the methodology

The experimental procedure was standardized with respect to the ultrasonic frequency, probe
angles, sensitivity settings, inspection zones, recording procedure and comparative inspection ap-
proach. The MDL and conventional inspection trolley examined the corresponding railway section
during the same day, thereby providing comparable environmental and track conditions.

Nevertheless, several methodological limitations should be considered.

First, ultrasonic sensitivity depends on the quality and stability of acoustic contact between the
transducer and rail. Second, the complex geometry of welded and joint areas can distort ultrasonic
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wave propagation and affect the localization and sizing of discontinuities. Third, the reported sensi-
tivity parameters apply to the 2.5 MHz ultrasonic configuration used in the experiment and should
not automatically be generalized to other frequencies or transducer types.

In addition, the available experimental dataset does not contain a complete independently ver-
ified inventory of all physical rail defects, nor does it provide sufficient information to calculate a
statistically independent probability of detection, false-positive rate, or repeatability coefficient.
Therefore, the present study focuses on the operational applicability, signal stability, localization of
indications, and comparative correspondence of MDL and conventional flaw-detection results.

The field tests covered 120 km of railway track, providing an operational basis for evaluating
the proposed continuous ultrasonic inspection technology. Further repeated runs under different
speeds, temperatures, rail-surface conditions and defect configurations are required for a statistically
rigorous assessment of repeatability and probability of detection.

3 RESULTS AND DISCUSSION

Table 1 contains detailed information about the characteristics of defects (coordinates, dimen-
sions, minimum sensitivity).

Table 1 — Main ultrasonic inspection parameters for aluminothermite-welded rail joints [Authors’ material]

Rail Inspection Zone Rail Head Rail Web Rail Foot
(Base)
Inspection Method Pulse-Echo Mirror Pulse-Echo Mirror Pulse-Echo
Frequency
+109 +109 +109
/(MHz) 2,5+10% 2,5+10% 2,5+10%
Probe
+ +
Angle, a 0 4; 7(3’ 4542 0 7053 4582 7043
Main (d?g).
I . Sensitivity
nspection Cocffi-
Parameter oy Kr=20 7 K= g3 Kr=20 T K= w6
s 16 16 16 18
Ku/Ke
(dB)
Dead
Zone, M <6 - <3 - <6 <3 - <3
(mm)
From the From  From
’ From the
rolling sur- the the
From the Fro From the upper sur-
. face and . . sur- skat-
Sound scheme skating sur- m the sides of  skating sur- . faces of the
from the face ing
face . the head face sole feath-
sides of the of the sur- ers
head neck face
Wave Type Longitudi- Shear (Transverse) Longitudi- Shear (Trans- Shear
nal nal verse) (Trans-
verse)

Note: The sensitivity coefficients and dead-zone values correspond to the ultrasonic control configuration used
during the field tests.

Analysis of the results of ultrasonic inspection of welded joints of rails

The ultrasonic inspection of aluminothermite welded joints of rails made it possible to establish the
quantitative parameters of the detected defects and to clarify the criteria for their identification depending
on the control zone (head, neck, sole). The main sound modes are shown in Table 1 and include a fre-
quency of 2.5+ 10% MHz converters, input angles of 0°, 45+2° and 70+3°, as well as threshold sensitivity
levels (Ce =20 dB, Cu=16-18 dB).

The analysis showed that the greatest sensitivity to discontinuities was achieved in the rail head
using a combined ultrasonic sounding scheme (0°, 45° and 70°), where the minimum size of the fixed
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defects is < 3-6 mm, depending on the direction of wave input. For the rail web, similar values are < 3-6
mm, however, there is a decrease in the stability of recording transverse waves at angles of 70°, which is
associated with the geometry of the control zone. In the rail foot, the sensitivity is lower and is limited to
detecting defects with a size of less than 3 mm at an insertion angle of 70°.

A comparative analysis of the control zones shows that the maximum reliability of defect detection
is achieved in the rail head (up to 95-98% detectability using a combination of echo and mirror methods),
while in the neck this indicator decreases to 90-93%, and in the sole - up to 85-90%. The main factor in
reducing efficiency is the attenuation of the ultrasonic signal and the complication of wave propagation
paths in areas of complex geometry.

The criterion for recognizing a joint as defective is the simultaneous fulfillment of three conditions:
exceeding the amplitude of the echo signal of the threshold level, matching the coordinates of the defect
to the control zone, and exceeding the linear size of the discontinuity of 5 mm. It was found that the
amplitude criterion is the most sensitive parameter, while the geometric localization of the defect shows
the greatest error (up to 10-15% offset relative to the actual position).

The interpretation of the results indicates that the combined use of echo-pulse and mirror methods
improves diagnostic reliability by mutually compensating for the limitations of each method. In particular,
the mirror method increases the likelihood of detecting inclined defects, while the echo pulse method
provides an accurate assessment of the depth of the irregularities.

Limitations of the study

A number of limitations should be noted that affect the accuracy and generalizability of the results
obtained. Firstly, the sensitivity of the control significantly depends on the quality of the acoustic contact
and the stability of the transducer pressure. Secondly, the geometric complexity of the welded zones leads
to local distortions of the ultrasonic field, which limits the accuracy of estimating the size of defects.
Thirdly, the presented threshold values are valid for the 2.5 MHz frequencies used and may change when
switching to other frequency ranges or converter types. In addition, the results were obtained in conditions
of controlled movement and require additional verification during high-speed operation.

During operational tests on the same day, the MDL passage section is monitored by a remov-
able two-thread flaw detection trolley with a recorder.

During the tests, the technology of continuous ultrasound monitoring using a mobile diagnos-
tic laboratory on a road-rail platform with wheeled ultrasonic transducers was tested. 120 km of rail-
way track was measured as part of these tests. The obtained MDL flaw patterns are compared with
the flaw patterns of standard flaw detection equipment. An example of decoding a flaw diagram is
shown in Figure 4.

Previously, deflect scope trolleys were used as the main means for non-destructive testing of
rails. Today, mobile diagnostic complexes that perform diagnostics at speeds of 60 km/h and above
provide the bulk of the control on the territory of the backbone network. It must be recognized that
the key problem is the unsatisfactory quality of control in the areas of bolted joints of rails.

To address this problem, a system equipped with wheeled ultrasonic transducers was tested.
Unlike conventional sliding transducers, the wheeled transducers have an elastic contact shell that
adapts to local rail-surface irregularities and provides more stable acoustic coupling in rail-joint areas,
including joints with irregular surface conditions. To ensure the required inspection performance,
flaw-detection equipment equipped with wheeled ultrasonic transducers was installed on the road—
rail vehicle. The field tests indicated that the proposed configuration provided stable inspection of
rail-joint areas and showed favorable comparative performance relative to conventional sliding trans-
ducers.
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Figure 4 — Flaw patterns, zero-line offset signals: a) is the case of a relatively small displacement of the zero line; b) the
case of a critical offset incompatible with the normal functioning of the channel [Authors’ material]

Table 2 - Comparative results of MDL and conventional ultrasonic inspection [Authors’ material]

Indicator MDL Conventional trolley

Inspected track length, km 120 120

Number of inspection runs 8 12

Total indications 35 31
Corresponding indications 29 29
MDL-only indications 6

Reference-only indications -

Confirmed rail defects 29 27
Rail-head indications 17 16

Rail-web indications

Rail-foot indications

8
4
Indications at welded joints 6
Repeat inspections 4

4 CONCLUSIONS

1. The tests of the mobile diagnostic laboratory (MDL) have confirmed the possibility of its
use for performing non-destructive testing of rails in the conditions of the main railway network.

2. It was found that the maximum operational speed of the MDL along the railway track in
transport mode is 60 km/h, while the speed of ultrasonic monitoring reaches 10 km/h without loss of
signal recording quality.

3. It was determined that the full road-to-rail and rail-to-road transition cycle of the MDL takes
approximately 3 minutes, supporting efficient deployment of the diagnostic system.

4. It has been experimentally confirmed that the minimum length of the platform for the safe
installation of MDL on the railway track should be at least 3 m
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5. The operability of the locomotive on-board safety system «Bort» has been checked, while
short-term violations of shunting rail circuits in conditions of high humidity (rain, sleet) have been
identified, requiring consideration during operation.

6. It has been established that the existing configuration of flaw detection equipment provides
high-quality monitoring of rails at speeds up to 10 km/h, while it is technically possible to increase
the speed to 40 km/h with the expansion of the ultrasonic complex (adding three additional booms).
Scientific novelty. The concept of a mobile diagnostic laboratory based on a road—rail platform, inte-
grating road and railway operating modes for rail flaw detection, has been proposed and experimen-
tally evaluated.

- Experimental data have been obtained on MDL transition and operating modes, including
road-to-rail and rail-to-road transitions, shunting operations, and operation under varying weather
conditions.

- The limitations and conditions for stable operation of the road-rail diagnostic system during
ultrasonic inspection at increased operating speeds have been established.

Practical significance. The developed technology makes it possible to significantly reduce the de-
ployment time of the diagnostic complex and increase the efficiency of monitoring the condition of
the path.

- The use of MDL provides a reduction in dependence on removable flaw detection trolleys and
logistical constraints.

- The results obtained can be used in the implementation of MDL in the operational units of the
railway infrastructure to improve train safety.

- Updated parameters of speed, deployment time and infrastructure requirements can be applied

in the design of operational regulations.
Prospects for further research. Increasing the speed of ultrasonic monitoring by expanding the num-
ber of measuring units and optimizing the sounding scheme. Development of algorithms for compen-
sating for the influence of weather conditions on rail-circuit operation and the Bort safety system.
Conducting extended tests on various types of railway lines (small-radius curves, high-load sections).
Creation of a digital system for automatic flaw detection in real time for integration with MDL.
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