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Abstract. The article presents the results of experimental studies on residual deformations of external and internal
rail threads, which reveal patterns in change of track gauge depending on the magnitude of the transported load under
real operational conditions. The research is aimed at identifying the causes of track gauge expansion up to the critical
value in order to determine the actual resource and service life of railway and industrial rail transport. As a result of se-
quential systematic measurements of horizontal irregularities in the track joint zone (-3 m ...+3 m), it has been estab-
lished that with transported loads of 20, 26, and 31 million gross tons, the deformation values reach 1.7 mm, 1.9 mm,
and 3.2 mm, respectively. The intensity of residual track deformation accumulation in the joint zone in the transverse
direction averages 1mm per 10 million gross tons of transported load. It has been determined that the rate of rail track
disruption due to the formation of spatial residual deformations of rail threads on average is 1mm per 1.3 million gross
tons of transported load. It has been established that after a transported load of 31 million gross tons, the maximum
magnitude of horizontal displacements of residual deformations of the external rail thread relative to the baseline design
line reaches 6.6 mm with a plan deviation of 12.8 mm (-6.6 mm ... +6.2 mm), and for the internal rail thread, it amounts
to 1.7 mm. It was found that the cumulative magnitude of the residual deformations of both rail threads is
24-25 mm of rail gauge expansion with a value of transported loads up to 31 million gross tons. Scientifically proven is
that, with the accumulation of gauge widening within the normal tolerances in the short term, up to 12 mm (+8 mm ...
-4 mm), the existing rail track structure can accommodate a load of 15.6 million gross tons. To ensure the normal service
life of the track for 800 million gross tons, multiple violations of the normative requirements of state standards are ex-
pected. The creation of a new railway track structure design is envisaged to meet the needs of railway and industrial rail
transport of a new technical level to eliminate the identified critical shortcomings and ensure the adaptation the rail fas-
tening design for curved sections with small radii of curvature.
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1. Introduction

The analysis of the track performance under challenging operating conditions of
railway and industrial rail transport has shown that the use of jointed tracks in current
operational conditions is associated with rail connection joints.

Jointed tracks are located both on straight sections and on curves with small radii
ranging from 300 to 650 m.

The most critical failure condition occurs in the operational conditions of connec-
tion joints on curved sections with small radii, where practically every joint has local
irregularities in the horizontal and vertical planes.

Rail joints are the main stress source of dynamic interaction between the track and
rolling stock. As a result, additional disturbances in the track, deviations from the
planned track profile, and disruptions occur. The processes of dynamic interaction
between the rolling stock and track occur most intensively on curves with small radii,
accompanied by track disturbances. These processes are further complicated by the
heavy weight of freight trains and longitudinal profile gradients. During uphill
movement or on downhill sections during regenerative braking, longitudinal com-
pressive forces arise in the rolling stock. The transverse component of these forces is
directed towards the outer curve, loading the outer rail.

Rail joints make train movement on curved sections unstable, leading to the ac-
cumulation of residual deformations in both the vertical and transverse horizontal
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planes of the track. This also affects the accumulation of side wear on rail heads and
flange wear on the wheelsets of the rolling stock, resulting in subsequent derailments
of wagons, locomotives, or traction units [1].

At the current level of scientific and experimental research, there has been
insufficient accumulation of residual deformation data in the zone of connection
joints of the jointed rail track on operational sections of railway and industrial rail
transport, particularly for curves with small radii and complex working conditions.

At the current state of scientific experimental research, insufficient work has been
done to accumulate residual deformation data in the area of jointed rail track
connections on operational sections of industrial and railway rail transport, especially
on curves with small radii of curvature and complex operating conditions.

Given these research directions, the objective of this work is to present the results
of experimental studies on the intensity of residual deformations accumulation under
operational conditions of jointed tracks, their generalization, and analysis of trends in
the formation of the main causes of track disruption, wear of rail heads and wheel
flanges, safety violations of rolling stock movement, and the formation of significant
operating costs.

2. Research methods

The scientific work methodology includes systematic experimental investigations
under operational conditions in the zone of connection joints of the rail track, with
sections of up to 300 cm in length measured from the center of the joint in each
direction.

The accumulation of residual deformations in the rails, both vertically and trans-
versely, depends on the magnitude of the passing tonnage in gross tons over the dura-
tion of the research period.

Measurements were performed using calibrated measuring instruments relative to
a stationary base reference point along the length of the rail joint, up to 6 m, and with
the track inspection station equipment Pioneering Station No. 1 of JSC “Ukrainian
railways” under the supervision of Yu.O. Makarov and V.V. Hovorukha.

3. Operational and experimental investigations

According to the methodology of experimental investigations of the jointed track,
each of the transition curves (entry and exit) with standard rails is equipped with four
joint irregularities (two of them are located at the junctions of the straight track
with the transition curve and the transition curve with the circular curve), and the cir-
cular curve has eight joints. Thus, the total number of joints in the track with standard
rails is 16.

Along the entire curved section with elongated rails, there are only four joint ir-
regularities. The first joint is located on the straight track, 12.5 m before the begin-
ning of the entry transition curve; the second is at the end of this transition curve,
10 m before the start of the circular curve; the third is on the exit transition curve,
10 m from the end of the circular curve, and the fourth is on the straight track, 12.5 m
from the end of the exit transition curve.
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Considering the experimental data from the measurements of track joint irregular-
ities, the calculated disturbances in the vertical and horizontal directions are modeled
according to the research [2—5]:

n,-<x>=%[1—cos2'§'xj,

i

where a; is the amplitude of the irregularity, m; L; is the total length of the irregulari-
ty, m; x is the distance from the beginning of the irregularity to the ordinate n; (x), m;
i is the direction of the joint disturbance (z, y).

Lengths of joint irregularities were determined based on the results of experi-
mental measurements on test sections of the rail track (R=274m): L.=3m,
L,=6 m. Four variants of amplitude values for the irregularities were considered
(corresponding to different values of passed tonnage): 2 mm, 4 mm, 6 mm, and 8§ mm
in the vertical direction, and half of those values in the horizontal direction, namely
I mm, 2 mm, 3 mm, and 4 mm. The elevation of the outer rail was taken as 80 mm,
and the track width in the circular curve was 1540 mm compared to the nominal track
width of 1520 mm.

For curves with small radii, investigations were conducted on the geometric pa-
rameters of rail irregularities in the joint zone, both before and after the physical joint
of the rails, considering the intensity of accumulated horizontal and vertical devia-
tions from the baseline.

4. Results and discussion

Based on the survey data of the rail track, graphs of geometric parameters for the
active rail track of curved sections with a radius of 274 m were constructed with a
measurement step of 0.2 m.

Figure 1 shows the accumulation of horizontal irregularity in the plan in the zone
of joint with the outer rail of curved sections. Variable values of residual deformation
curvature are depicted in the vertical cross-section of the joint and at distances of 90,
180, and 270 mm in opposite directions from the joint. The figure presents the results
of consecutive measurements for passed tonnages of 20 million gross tons, 26 million
gross tons, and 31 million gross tons. In this case, the maximum values of residual
deformations reach 1.7 mm, 1.9 mm, and 3.2 mm for the corresponding magnitude of
passed freight load. The intensity of accumulation of residual deformations in the
transverse direction in the track joint zone averages 1 mm per 10 million gross tons of
passed tonnage.

Figure 2 displays the accumulation of vertical irregularity in the profile in the
zone of joint with the outer rail of curved sections in the vertical cross-section of the
joint and at distances of 50 and 100 mm in opposite directions from the joint. The
figure also includes the results of consecutive measurements for passed tonnages of
20 million gross tons, 26 million gross tons, and 31 million gross tons. In this case,
the maximum magnitude of residual deformations in the vertical direction amounts to
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5.0 mm, 6.9 mm, and 7.1 mm, respectively. The average intensity of accumulation of
residual deformations in the track joint zone is 1 mm per 4 million gross tons. A
comparison of the magnitudes of residual deformation in the horizontal and vertical
directions indicates that the intensity of accumulation of residual deformations in the
horizontal (transverse) direction is 2.5 times greater than in the vertical direction.
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Figure 1 — Graph of the dependency of accumulated horizontal irregularities in the joint
zone of the outer rail of a curved section on the magnitude of passed tonnage
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Figure 2 — Graph of the dependency of accumulated vertical irregularities in the joint
zone of the outer rail of a curved section on the magnitude of passed tonnage

Critical values of accumulated residual deformations in the rail-sleeper grid in the
transverse direction of curved sections with small radii confirm the potential reliabil-
ity of further track displacement and the creation of an emergency state.

The comparison of horizontal displacements of residual deformations in the joint
of the outer rail at different magnitudes of passed tonnage in curved sections with
small radii (R = 274 m) is presented in Figure 3. The graph shows the actual track
alignment at different values of passed tonnage. The maximum values of horizontal
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displacements of the outer rail's residual deformations in the joints from the basic de-
sign line reach 6.6 mm when the passed tonnage is 31 million gross tons, with a dif-
ference of 12.8 mm (-6.6 mm ...+6.2 mm) between the points of maximum devia-
tions in the plan. It has been observed that the accumulation of residual deformations
tends to increase their intensity with an increase in the magnitude of passed tonnage
to 2631 million gross tons compared to the passed tonnage of 20 million gross tons.

Magnitude of deviations, mm

-4 -2 0 2 4 6 8 10
Distance from the centerline of the joint, mm

1 — passed tonnage of 31 million gross tons; 2 — passed tonnage of 26 million gross tons;
3 — passed tonnage of 20 million gross tons

Figure 3 — Comparison of horizontal displacements in the joint
for different magnitudes of passed tonnage

The obtained dependencies of critical accumulations of residual deformations in
the joints of curved sections with respect to the magnitude of passed tonnage, as
shown in Figures 1-3, confirm the need to increase the strength and load-bearing ca-
pacity of intermediate rail fastenings and components of the entire track structure,
including the sleeper foundation, to ensure the required stability indicators of the rail-
sleeper grid against lateral displacement and track instability during the operation of
the rail track in curved sections with small radii of curvature.

Residual deformations of the inner rail thread of the rail track in the joints of
small radius curved sections are shown in Figure 4. The maximum deviation of the
inner rail thread from the baseline state is 11.7 mm after the passage of a 31 million
gross tonnage load. The obtained values of transverse residual deformations (Fig-
ure 4) confirm the relative displacement of the inner rail thread, which causes addi-
tional expansion of the rail track compared to the expansion of the outer rail thread
(Figures 1-3) up to a total expansion of the rail track to dimensions of 24-25 mm
with a load of up to 31 million gross tons. The intensity of accumulated residual de-
formations of the rail track expansion (distance between the inner edges of the heads
of the outer and inner rails in curved sections of small radii) is I mm per 1 million
gross tons of passed load.

According to the obtained indicators of rail track expansion intensity between rail
gauge at a rate of 1 mm per 1.3 million gross tons of passed load, an accumulation of
track width to the allowable limits occurs in a short period. This does not meet the
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normative requirements for the service life of track structures, which is 5 years, and
the operational resource of 800 million gross tons of passed load.
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Figure 4 — Residual deformations of the inner rail thread at the joint zone

According to the normative requirements of the State Construction Norms of
Ukraine "Transport Facility. Railways with a gauge of 1520 mm. Design Stand-
ards" [6] and the "Instruction for the Construction and Maintenance of Rail Tracks of
Ukrainian Railways" [1], deviations from the established gauge width (1520 mm) that
do not require correction on straight and curved track sections should not exceed +8
mm in expansion and -4 mm in contraction, with a total expansion of the outer and
inner rails of 12 mm.

With a permitted total track expansion of 12 mm and an intensity of accumulation
of residual deformations of rail displacement of 1 mm per 1.3 million gross tons of
passed load, the rail track can accommodate up to 15.6 million gross tons. Therefore,
with the required operational resource of 800 million gross tons and the actual capaci-
ty to accommodate 15.6 million gross tons, there is a negative deviation from the
normative requirements [ 1, 6].

Significant costs are incurred to rectify deviations from operational norms in the
track.

Such intense accumulation of rail track expansion beyond normative requirements
indicates inadequate track maintenance quality and a low technical level of the exist-
ing track structure in curved sections with small radii, equipped with outdated inter-
mediate rail joint screw fastening on wooden sleepers, in the zone of connection
joints and at adjacent track sections.

5. Conclusions

1. Experimental studies have been conducted on the accumulation of residual de-
formations of the outer and inner rail threads in the zone of connection joint of the
jointed track under complex conditions of curved sections with small radii of curva-
ture.
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2. Dependencies have been established between the accumulation of residual de-
formations of the outer and inner rail threads in the horizontal and vertical planes of
the zone of connection joints of the rails and the magnitude of the passed load.

3. Regularities have been obtained regarding the formation of residual defor-
mations of the outer and inner rails in connection joints, with the potential for track
expansion when changing the magnitude of the passed load on experimental curved
sections.

4. As a result of consecutive systematic measurements of the accumulations of
horizontal irregularities in the joint zone (-3 m ...+3 m), it has been determined that
at a passed load of 20, 26, and 31 million gross tons, the deformation magnitudes
reach 1.7 mm, 1.9 mm, and 3.2 mm, respectively. The intensity of the accumulation
of residual track deformation in the joint zone in the transverse direction averages
1 mm per 10 million gross tons of the passed load.

5. It has been established that after a passed load of 31 million gross tons, the
maximum magnitude of horizontal displacements of residual deformations of the out-
er rail thread relative to the basic design line reaches 6.6 mm with a plan deviation of
12.8 m (-6.6 mm ... +6.2 mm), while for the inner rail thread, it amounts to 11.7 mm.

6. It has been determined that the total magnitude of residual deformations of both
rail threads results in track expansion of 24-25 mm with a passed load of up to
31 million gross tons. The intensity of the accumulation of residual track deformation
(distance between the inner edges of rail heads in the transverse cross-section of the
track) in curved sections amounts to 1 mm per 1 million gross tons of the passed load.

7. It has been established that the indices of track disruption intensity due to the
formation of spatial residual deformations of rail threads average 1 mm per 1.3 mil-
lion gross tons of the passed load. When the track expansion reaches the permissible
limits, it occurs in a short period, which does not meet the normative service life re-
quirements of track structure technical means of 5 years and a work resource of
800 million gross tons of the passed load. With track expansion tolerances of +8 mm
and track narrowing of 4 mm, resulting in a total track expansion of 12 mm according
to normative documents, the existing track structure design can handle a throughput
of 15.6 million gross tons. However, ensuring the normative resource of 800 million
gross tons creates violations of normative state standards [1, 6].

8. The conducted scientific research confirms the urgent need for the development
and implementation of a new progressive technology and intermediate rail fastenings
of a new technical level in production and railway and industrial rail transport. This
should include the adaptation of rail fastening design for curved sections with small
radii of curves and straight sections of track of comprehensive significance.
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AOCNIOXEHHA OE®OPMOBAHOIO CTAHY 30HU CTUKOBUX 3’€QHAHDb NAHKOBOI Konli B
CKNAOHUX YMOBAX EKCITYATALIII PEUKOBOI'O TPAHCIOPTY

[oeopyxa B.B., [ceopyxa A.B., Makapos FO.A., Cobko T.I1., CemudimHa J1.11.

AHoTauis. B cTaTTi HaBeaeHi pe3ynbTaTi ekcnepuMeHTanbHUX JOCTIMKEHb 3anuWKOBKUX AedhopMaLii 30BHILLHIX i
BHYTPILLHIX PEAKOBUX HUTOK, SKi (POPMYIOTb 3aKOHOMIPHOCTI 3MiHW LUMPUHI PEMKOBOT KOMIiT B 3aNEXHOCTI Bif BEMUYUHN
NPOMYLLEHOr0 BaHTaXy B peanbHNX ekcryaTaLiiHux yMoBax.

[ocnimkeHHs HanpaBeHi Ha NOLLYK NPUYMH HOPMYBaHHS PO3LUMPEHHS PEKOBOI KOMIT 0 KPUTUYHOT BENUYUHK ANS
OfEPKaHHA PaKTUYHOTO pecypey | TEPMiHY poBoTH PEMKOBOMO TPAHCMOPTY 3asi3HUYHMX | NPOMUCIIOBMX NignpuemMcTs. B
pesynbTaTi NOCNIfOBHUX CUCTEMATUYHUX 3aMipiB HAKOMUYEHb FOPU3OHTASTBHUX HEPIBHOCTEN B MaHi B 30Hi CTUKY (-3 M
...+3 M) BCTaHOBMNEHO, WO Npu NponyLieHomMy ToHHaxi 20; 26 i 31 mnH T 6pyTTO BenuumHM aechopmaLin 4ocaratTb Bia-
no.igHo 1,7 mm; 1,9 MM i 3,2 MM. IHTEHCMBHICTb HAKOMMYEHb 3aMNMLLKOBOI AedopmalLlii B 30Hi CTVKY B MONEPEYHOMY Ha-
NpsIMKy cknagae B cepegHbomy 1 Mm Ha 10 MiH T 6pyTTO NPONYyLLEHOro TOHHaXy. BCTaHOBNEHO, WO NOKA3HWKM iHTEH-
CWBHOCTI posnaZiHaHHA perkoBoi Konii Big (hopMyBaHHS NPOCTOPOBUX 3arMLLKOBKX AedopMaLiil pekKoBUX HUTOK B Ce-
peoHeoMy cknagae 1 Mm Ha 1,3 MIH T GpyTTO NPONYLLEHOTO TOHHAXY.

BcraHoBneHo, Wwo nicns nponyLieHoro BaHTaxy 31 MiH T 6pyTTO MakcumarbHa BennyMHa ropu3oHTanbHUX nepe-
MilLEHb 3aULWIKOBUX AedopMaLiil 30BHILLHBOI PEMKOBOI HUTKM BiQHOCHO 6a30BOI MPOEKTHOI MiHii JocArae BENUYMHM
6,6 MM 3 BigxuneHHaM B nnaHi Ha 12,8 m (-6,6 MM...+6,2 MM), @ BHYTPILLHLOI PENKOBOI HUTKM BIANOBIAHO CKNajae
1,7 MM,

OpepkaHo, Lo CymapHa BeNMuMHa 3anuLLKOBUX Aedopmalin 060X PefKoBMX HUTOK CKNadae PO3LUMPEHHST PeKo-
BOI Konii Ha 24-25 MM npy BENNYMHI NpoNyLLEHOro BaHTaxy 40 31 MnH T 6pyTT0. HaykoBO nigTBepmkeHo, Wo npu Ha-
KOMMYEHHI PO3LUMPEHHS KOIii 40 HOPMAarbHMX JOMYCKIB B KOPOTKMIA TEPMiH O BENMUMHK 12 MM (+8 MM...-4 MM) icHytova
KOHCTPYKLUis perkoBoi konii 3abeaneuye nponyck 15,6 mnH T OpyTTo. [Ins 3abe3neyeHHs HOPManbHOTO pecypcy Komii
800 mnH T 6pyTTO CTBOPHOETLCSA DaraTokpaTHe NOPYLIEHHS HOPMATUBHUX BUMOT AEPKaBHUX CTaHOAPTIB.

MepenbavaeTbcst CTBOPEHHS HOBOI KOHCTPYKLi KOMiAHOI CTPpYKTypu Ans notpeb 3anisHWYHOrO Ta MpOMMWCIIOBOMO
PENKOBOrO TPAHCMOPTY HOBOMO TEXHIYHOTO PIBHS ANS YCYHEHHS BUSBMEHUX KPUTUYHUX HELOMIKIB.

KntoyoBi cnoBa: penkoBa Komisi, KOUBOMiHINHI 4iNSHKK, CTUKOBI 3'€4HaHHS, 3anu1LLKOBI Aedhopmalyii.
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