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Abstract. The paper presents the results of a field-based investigation of the
vibrodynamic response of railway track superstructure elements and subgrade under the
action of rolling stock in real operating conditions. Vertical vibrations were recorded in the
shoulder zone of a stable railway embankment during the passage of a VL-80 electric
locomotive at different train speeds. To assess the influence of speed on vibration parameters,
analyses were performed in both time and frequency domains, including the determination
of peak accelerations, root mean square (RMS) values, dominant frequencies, and spectral
energy characteristics. The aim of this study is to establish quantitative relationships between
train speed and vibration response parameters of the railway subgrade under real operating
conditions. Stable relationships between vibration parameters and train speed were
identified, reflecting systematic changes in the dynamic state of the “track superstructure—
subgrade” system under increasing operational loading. The scientific novelty of the study
lies in the in-situ experimental identification of speed-dependent vibration characteristics of
the subgrade shoulder and in the integration of time- and frequency-domain parameters for
vibration-based condition assessment under real traffic conditions. The obtained
experimental data can be applied for vibration-based condition assessment of railway
embankments. The proposed approach is aimed at developing practical monitoring methods
for early detection of anomalies, improving maintenance planning efficiency, and enhancing
the management of railway infrastructure condition.
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Anparna. Makanaoa Haxmsl natioaiany HeaoablHOA HCLLIANCLIMATILL KYPAM dCepiHeH
MeMIpICONL YCMiKel KYPulIblCbl deMeHmmepi MeH dcep MOCemiHiy 8UOPOOUHAMUKATbIK
ocayan OepyiH Oananvlk 3epmmey Hamudcenrepi  YCbIHbLIZAH. OpMypii  KO32abiC
arcvLioamovikmapuinoa BJI-80 snexmpoeosvl emken kezoe mypaxmuvl memMipHcon YUuiHOICIHIY
Jlcueci bonicinde mix bazvimmagvl mepoenicmep mipkenodi. Kviroamovikmely mepbenic
napamempiepine acepin 6aeanay ywin yYaKblmmbslK HCoHe HCULLIKMIK aumMakmapoa maioay
AHCYP2i3inoi, oHblY iwinoe yoeyoiy uiekmi Manoepi, opmawia keaopammulx manoep (OKM),
Oacvim dHCUiniKmep dHcoHe CHeKMPIIK dHepeUs CUNAmmamanapsl aHblKmanowvl.3epmmeyoin
Makcamol - HAKmuvl NAUOANAHY HCAROAUBIHOA NOE30bIH HCHLIOAMObIZbL MEH JHcep MOCEeMIHIH
mepbenic napamempiepi apacvlHOavl CaAHObIK Mayendilikmepoi anwvikmay. Kypeizineen
3epmmeynep Hamudcecinoe mepbenic napamempiaepi MeH KO32ANbIC HCbLIOAMObIRbL
apacvinoazvl Mypaxmol OAUIAHLICIMAD AHBIKMATLIN, HCYKMEMEHIH apmyblHa O0aulanbiCmbl
«IHCONOBIY YCMIN2T KYPOLIbICHL - Jicep MOcemi» HCYUEeCiHIY OUHAMUKANLIK KYUIHIH 3aHObl
o32epicmepi kopceminoi. 3epmmeyoin bLIbIMU HCAHAIbIEbI HAKMbL NAUOALAHY HCAROAUBIHOA
Jrcep mecemi YUiHOICIHIY dcue2inoe2l HeblI0aMObIKKa mayenoi mepoenic cunammamaniapolii
0ananbIK Ha20aoa IKCNePUMeHmmix aHbIKmayod, COHOAU-AK YaAKbIMMbIK HCIHE HCULTIKMIK
napamempnepdi Oipikmipy apxvlisl mepobenic Heli3iHOe2l Hcaz0aiidvl Oazanay macilit
ycuiHyOa oicamvip. ANbIHRAH OKCNEPUMEHMMIK OepeKmep MeMipHcon YUuiHOLepiniy
Jcazoalivih  mepoenic HeciziHOe 6aganayoa KOJNOAHLLIYbl MYMKIH. YCbIHbLIEAH MACIL
akaynapobl epme aHbIKMAayea apHalean MOHUMOPUH2 20icmepiH 0aMblmyad, MexXHUKAbIK
Kbl3Mem  Kepcemyoi  HCOCNapnayovly muiMOiliein — apmmulpyed —HCoHe  MeMIPAHCOT
UHDPAKYDOLIBIMBIHBIY H#CA20AUbIH OACKAPYObl Hcemindipyee 6a2blmmanzaH.

Tyiinai cesmep: memipoicon HcoNbIHbIY OUHAMUKACHL, JHcep MOceMiniy mepobenicmepi,
HCHLIHCHIMATILL KYPaM acepi, 8UOpayusanvi 0aKuliay, HAMypavlK 3epmmeynep, KO32aIblC
HCBLLNOAMOBIEDI.
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SALT ynusepcurer, Anmarsl, 050012, Kazaxcran

AuHotamusi. B cmamve npedcmaenenvi pe3ynibmamuvl HAMYPHLIX UCCTE008AHUL
BUOPOOUHAMUYECKO20 OMKIUKA IIEMEHMO8 8ePXHE20 CIMPOEHUs NYMU U 3eMISIHO20 NOIOMHA
noo eo30eticmeuem NOOBUIHCHO20 COCMABA 6 pedaNbHbIX YCI08uAX dKcnayamayuu. Ilpu
nponycke 31ekmpogo3a BJI-80 no dicene3no00poiCHOMY nymu ¢ pasiudHbIMU CKOPOCMAMU
OBUMNCEHUSL Pe2UCTNPUPOBATIUCL BEPIMUKATIbHbIE KONeDAHUS 2PYHMA 8 001acmu 00O0YUHbL
3EMIAHO20 NOJOMHA HCENe3HOOOPOIUCHOU HAcbinu. [[na OyeHKu 6IUsAHUAL CKOPOCMU HA
napamempul Konebanuii ObLl NPogedeH aHaIU3 80 6PEMEHHBIX U YACMOMHBIX 00NACMAX, 8 MOM
uucne onpedeienbl npedenbHble 3SHa4YeHUs YcKopenus, cpeoneksaopamuynvle snadyenus (CK3),
npeobaadarowue 4acmomel U CNeKmpaibhvle dHepeemudeckue xapakmepucmuku. Llenvio
UCCe008aHUsL ABTIAEMCSL ONnpedesieHUe KOTUYECMBEHHbIX 3A8UCUMOCTEN MeXHCOY CKOPOCMbIO
noesoa U napamempamu KoaieOamuil 3eMIAH020 NOJNOMHA 6 PealbHblX YCIO0GUSX
akenayamayuu. B pezynomame npogedenuvix ucciedosanuil Oviiu 6blsA8NIeHbl NOCMOAHHbIE
CBA3U MeNHCOY NapamMempamu KONeOaHUull U CKOPOCMbIO 0BUNCEHUS, NPOOEMOHCIPUPOBAHbI
3aKOHOMEPHbLE USMEHEHUSI OUHAMUYECKO20 COCMOSHUSL CUCEMbl «8epXHee CIpOoeHue Nymu -
3eMAAHOe NOJIOMHOY 8 CEA3U C YBeuyenuemM IKCIyamayuoHHou Hazpysku. Hayunas nosusna
UCCTIe008AHUSL 3AKIIOYAENCA 8 IKCNEPUMEHMATLHOM ONpeoeleHUul 6 HAMYPHLIX VCI08UAX
CKOPOCMHO-3A6UCUMBIX XAPAKMEPUCMUK KONeOAHUL HA KPAI0 HACLINU 3eMIAH020 NOJIOMHA 8
PeanvHblX YCA08UAX IKCHILYaAmayuu, a maxice 8 npedoCcmasieHuu Cnocooa OYeHKU CoCMOSHUSL
Ha OCHOBe KONeOAHUll Nymem COYemaHus B6PeMEeHHbIX U HACMOMHBIX NaApamMempos.
Ionyuennvle sxcnepumenmanvhvle OaHHble MO2YM OblMb UCHOIb308AHbI 01 BUOPAYUOHHOO
MOHUMOPUHEA COCMOSHUSL HCENE3HOOOPONHCHBIX Hackinell. [Ipednazaemblii n00X00 Hanpasien
Ha paseumue Memooo8 MOHUMOPUH2A PAHHE20 6bli6leHus O0eheKmos, nosvluieHue
appexmusnocmu  nIAHUPOBAHUA MEXHUUECKO20 OOCIYHCUBAHUA U COBEPUIEHCMBOBAHUE
VAPABIeHUs: COCIOAHUEM HCENEIHOO0POICHOU UHPPACMPYKMYPbL.

KirouyeBble ciloBa: OUHAMUKA NYMU; GUOpAYUU 3eMIAHO20 NONOMHA, 6030elicmsue
NOOBUIICHO20 COCMABA; BUOPAYUOHHBIL KOHMPOTb, HAMYPHbIE UCCIE008AHUs; CKOPOCHb
08UIICEHUsL N0E3008.
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1 INTRODUCTION

Reinforced concrete sleepers and rail fastening systems are key components of ballasted railway
tracks, through which dynamic loads from rolling stock are transmitted along the “wheel-rail-
fastening-sleeper-ballast” chain, thereby governing the stress—strain state and long-term durability of
the track superstructure. In international practice, the assessment of vibration effects on track
components is primarily based on the measurement of vibration velocity, as this parameter most
adequately reflects the energy characteristics of propagating waves and the level of dynamic impact
acting on the structure [1], [2], [3], [4]. Accordingly, methods and instrumentation traditionally used
in seismology are widely applied to investigate the vibrodynamic response of railway tracks under
moving loads. A number of studies have developed numerical, analytical, and semi-empirical models
to analyze the dynamic behavior of railway tracks under moving loads. In particular, so-called
“sandwich models” have been proposed, accounting for the coupled interaction of rails, sleepers, and
trackbed layers, which has improved the accuracy of describing dynamic processes within the track—
foundation system [5], [6]. These approaches enable the evaluation of stresses, displacements, and
vibration characteristics of track components over a wide range of operating conditions. However,
despite significant progress, the scientific literature emphasizes the need for validation of
computational models based on field data and for the expansion of in-situ experimental datasets.
Existing models generally do not fully account for real operational factors, such as ballast
heterogeneity, seasonal temperature variations, the presence of wheel and rail defects, and variability
in the stiffness of rail fastening systems. This can lead to substantial discrepancies between predicted
and actual dynamic responses [7], [8]. Recent experimental studies have also demonstrated that the
mechanical behavior of ballast is highly sensitive to environmental conditions. In particular, it has
been shown that low temperatures can significantly alter the strength and deformation characteristics
of the ballast layer, as well as its degradation behavior, thereby directly influencing the vibrodynamic
response of ballasted tracks under operational loading [9], [10], [11], [12]. Recent studies have
highlighted the importance of experimental investigations and vibration-based assessment methods
for railway infrastructure. In particular, vibration characteristics of railway structures and their
interaction with the foundation have been investigated in a number of works [13], [14], [15], [16],
[17], [18]. These studies demonstrate that vibration parameters can serve as reliable indicators of the
technical condition of track structures and subgrade elements under dynamic loading.Thus, the main
scientific problem is the insufficient amount of in-situ experimental data describing the vibrodynamic
behavior of the “track superstructure—subgrade” system under real train loading conditions. This
limits the reliability of calculation models, monitoring criteria, and maintenance decision-making for
railway infrastructure.The aim of this study is to analyze the vibrodynamic response of ballasted
railway track systems with reinforced concrete sleepers based on in-situ measurements under
operational train loading. Particular attention is given to vibration velocity as an informative
parameter characterizing the dynamic interaction within the “sleeper—ballast—subgrade” system. The
scientific novelty of this study lies in the field-based identification of vibration velocity characteristics
of reinforced concrete sleeper—ballast—subgrade interaction under real operating conditions. Unlike
studies based mainly on numerical simulations or laboratory tests, this research provides experimental
data obtained directly from an operating railway track and establishes relationships between train
speed and vibration response parameters. The obtained results can be used to improve vibration-based
monitoring methods, support engineering assessment of railway embankments and track structures,
and assist in maintenance planning and infrastructure management decisions.

2 MATERIALS AND METHODS

To evaluate the influence of moving train loads on the dynamic (amplitude—frequency)
characteristics of the railway subgrade, an in-situ experimental investigation was conducted on a
mainline section of the Almaty railway network operated by JSC “NC KTZ”. The study site was
located within the Almaty track maintenance division (UPCh-46) and represents typical operational
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conditions of heavily trafficked ballasted railway infrastructure. The vibration sensors were mounted
directly on the reinforced concrete sleepers, following installation approaches commonly adopted in
previous field studies on railway track dynamics. This configuration allows reliable capture of sleeper
vibration responses under operational train loading while ensuring stable mechanical coupling
between the sensor and the structural element. (Figure 1).

Installation of a vibration sensor on a reinforced concrete sleeper with a rail mount Vossloh W-
14 (Figure 1a). The sensor is attached directly to the surface of the sleeper to record vertical vibrations
that occur during the passage of the rolling stock, which makes it possible to assess the dynamic
impact on the upper structure of the track.

Installation of a vibration sensor on a reinforced concrete sleeper with a rail mount Zhbr-65-
Sh (Figure 1b). This measurement scheme was used to compare the dynamic characteristics of the
track when using different types of intermediate rail fasteners and assess their impact on the
transmission of vibration loads.

Placement of the vibration sensor on the railway embankment (Figure 1c). This arrangement
provides for the recording of vibrations propagating through the ballast layer and the ground cover,
which makes it possible to assess the attenuation of vibrations when moving away from the source of
impact and determine the features of the propagation of dynamic waves at the bottom of the railway.

i s

Figure 1 - General view of the experimental setup and locations of vibration sensors: (a) on the sleeper with Vossloh
W-14 fastening; (b) on the sleeper with ZhBR-65-Sh fastening; (c) at the shoulder of the railway embankment [Authors’
material]

Sensor locations: No. 1-2 — rail head at sleeper mid-span; No. 3 — ballast surface; No. 4 and 8 — fastening clamp
bearing region; No. 5—6 — sleeper midsection; No. 7 and 10 — sleeper ends.

Vertical vibration measurements were performed using MB-25D-V vibration sensors. The
analog signals from the sensors were converted into digital form using an L-CARD E14-440 analog-
to-digital converter (ADC) connected via a USB interface. Data acquisition and measurement control
were carried out using a notebook computer, while signal recording and preliminary processing were
performed with the LGraph2 software package supplied with the E14-440 module. The measurement
system was used in accordance with the manufacturer's specifications. The experimental vibration
signals were acquired and visualized using LGraph2 software (Fig. 2) and subsequently processed
using a specially developed data-processing routine implemented in Mathcad.
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Figure 2 - General view of the "LGraph2" program interface.

The recorded signals were first converted into physical vibration-velocity values using the
corresponding calibration parameters of the measurement system. The obtained time histories were
then preprocessed to remove the signal offset and low-frequency trend and were filtered within the
analyzed frequency range of 0-1000 Hz to reduce unwanted components outside the frequency band
of interest. The vibration-velocity signals were analyzed in both the time and frequency domains. The
time-domain analysis included the determination of the peak and root-mean-square (RMS) vibration
values for the selected portion of each train passage. The frequency-domain characteristics were
determined using the Fast Fourier Transform (FFT) applied to the selected vibration-signal segments.
This procedure was used to obtain the vibration spectra and identify the dominant frequency
components of the track response. In addition, vibration displacement was obtained by numerical
integration of the vibration-velocity signal, while vibration acceleration was determined by numerical
differentiation. RMS values and frequency spectra were subsequently determined for the derived
vibration parameters using the same processing procedure

Field measurements were performed to capture the vibration response of the subgrade under
real operating conditions. To ensure the interpretability and repeatability of the results, the
experiments were carried out under known axle load conditions and with a well-defined vibration
excitation source. On the investigated section, freight traffic was predominantly hauled by VL-80
electric locomotives; therefore, this locomotive type was selected as the primary excitation source for
the vibration analysis. The static wheel load of the VL-80 locomotive is 12 t per wheel, which
provided a stable and representative loading scenario for evaluating vibration characteristics induced
by moving loads. The recorded vibration signals were subsequently analyzed in the frequency and
time domains to identify characteristic response patterns of the railway subgrade under operational
train passages. A mobile vibration measurement system equipped with dedicated software packages
for data acquisition, processing, and visualization was employed in the field investigations

During the measurements, the following signal acquisition parameters were adopted: a
sampling frequency of 8000 Hz per channel, a recording duration of 65.536 s, an input signal range
of £10 V, and a trigger synchronization threshold of 0.001 V. These settings were selected to ensure
adequate temporal and frequency resolution for capturing vibration responses induced by moving
train loads.Field recordings of both freight and passenger train passages were conducted during the
summer period over a continuous observation interval of 15 days. Vibration data were collected for
all trains passing the test section during daylight operating hours, from 07:00 to 20:00. Over the entire
monitoring period, more than 200 individual train passage records were obtained, providing a
statistically representative dataset for subsequent analysis (see Table 1). For each locomotive speed,

29
https://doi.org/10.51488/1680-080X/2026.3-02


https://doi.org/10.51488/1680-080X/ХХХХ.Х-ХХ

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

eight independent measurements were performed. Train speeds were measured using a radar-based
speed monitoring device and were further verified through post-processing of the recorded vibration
time histories. This combined approach ensured reliable determination of operational loading
conditions associated with each recorded train passage.

Table 1 - Distribution of recorded train passages by operating speed of the VL-80 electric locomotive [Authors’ material]

Train speed, km/h Number of Train speed, Number of Train speed, Number of
’ records km/h records km/h records

45 8 69 8 79 8

50 8 70 8 81 8

53 8 71 8 82 8

59 8 73 8 86 8

61 8 74 8 91 8

63 16 75 8 95 8

66 8 76 8 100 16

67 8 78 8 103 8

3 RESULTS AND DISCUSSION

An analysis of the measured mechanical vibration parameters at the shoulder of the railway
subgrade induced by the passage of the VL-80 electric locomotive revealed the following key
observations.The dominant frequencies identified in the spectra of vibration displacements fir.s,
vibration velocities fir.v, and vibration accelerations fi.a remained consistent across the entire
investigated train speed range from 45 to 103 km/h. For all three vibration parameters, the prevailing
spectral frequencies coincided and varied within the range of 29 to 56 Hz, regardless of train speed.As
a representative example, Figures 3-5 present the time-domain amplitude histories (Figures 3-5a) and
the corresponding frequency-domain spectra (Figures 3-5b) of vibration velocity, vibration
displacement, and vibration acceleration recorded at the shoulder of the subgrade during the passage
of the VL-80 locomotive at a speed of 71 km/h. These results illustrate the characteristic vibration
response of the subgrade under operational train loading conditions.
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Figure 3 - (a) Vertical vibration time history measured by Sensor No. 3 located on the ballast surface during the passage
of the VL-80 locomotive at a speed of 71 km/h; (b) corresponding frequency spectrum (maximum spectral peak at 35.8
Hz) [Authors' material]

The relationships between the peak and root-mean-square (RMS) values of vibration velocity
30
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and vibration acceleration and the train speed at the railway subgrade formation exhibit low
coefficients of determination, indicating poor approximation quality. Consequently, these
relationships are not suitable for use as generalized evaluation criteria.

At the shoulder of the subgrade formation, the dependence of the peak vibration displacement
on the operating speed of the VL-80 electric locomotive is well described by a parabolic function,
whereas the RMS vibration displacement shows a linear relationship with train speed

a
20
51
(um) ¢ M
_;l[:l 'ﬁl
-m'ﬁl €I-1 Cl-l CI-E 1:I-4 'I:I‘ I:I-IS I:I-f-' I:I-S I:I-El -l l-'l 1-1 1-3 l--1- l-.‘ l-IS ]-.'-' ]-S ]-5' 2
ts
b_} 400
320
240
4
— 160
AN , \[\/\/\
N R
, MN/ Jf\ l\fbf'h.ﬂ.l' I'ﬂb.ll.\u'\l'] 1
1 10 100
£ H.

Figure 4 - (a) Oscillogram of the vertical vibration response recorded by Sensor No. 3, installed on the ballast surface
adjacent to the reinforced concrete sleeper, during the passage of the VL-80 electric locomotive at a speed of 71 km/h;
(b) corresponding frequency spectrum (maximum spectral peak at 35.8 Hz) [Authors' material]
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Figure 5- (a) Accelerogram of vertical vibration recorded by Sensor No. 3 installed on the ballast surface during the
passage of the VL-80 electric locomotive at a speed of 71 km/h; (b) corresponding frequency spectrum (maximum
spectral peak at 35.8 Hz) [Authors' material]
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The minimum measured peak vibration displacement (19 um) was recorded at a locomotive
speed of 45 km/h, whereas the maximum value reached 40 um at 103 km/h. Figure 6 shows the
dependence of the peak vibration displacement at the railway subgrade formation on the operating
speed of the VL-80 electric locomotive. The obtained relationship is well approximated by a second-
degree polynomial,

Sp=0.0025V2-0.1066V+20.759 (1)

with a coefficient of determination of R? = 0.8428. The intercept at zero speed corresponds to
the elastic quasi-static displacement (deflection) of the subgrade shoulder for the case of a stationary
locomotive located near the investigated cross-section under conventional wheel-load pressure
distribution, yielding Ss=20.759um.
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Figure 6 - Relationship between the peak vertical vibration displacement recorded by Sensor No. 3 installed on
the ballast surface and the operating speed of the VL-80 electric locomotive [Authors' material]

The observed speed-dependent increase in peak displacement is consistent with prior field
observations and validated studies indicating that train-induced vibration/displacement levels may
rise with operating speed, and can become significantly amplified when the train speed approaches
characteristic wave velocities of the track—ground system. The observed increase in peak vibration
displacement with operating speed is consistent with previous field investigations and validated
modeling studies, which have shown that train-induced vibration may intensify with increasing speed,
particularly as the train speed approaches the characteristic wave velocities of the track—ground
system (Federal Railroad Administration (FRA), 2018). Figure 7 presents the dominant vibration
frequencies, defined as the frequencies corresponding to the maximum spectral peaks, as a function
of locomotive operating speed.
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Figure 7 - Relationship between the dominant vibration frequencies recorded by Sensor No. 3 installed on the
ballast surface and the operating speed of the VL-80 electric locomotive [Authors' material]

Within the speed range of 66-86 km/h, the dominant frequencies were approximately 43-56 Hz.
These conditions may be considered potentially critical because vibration within this frequency range
may promote thixotropic effects in susceptible soils, potentially reducing their strength and
deformation characteristics. Figure 8 presents the relationship between the root-mean-square (RMS)
vibration displacement at the railway subgrade formation and the operating speed of the VL-80
electric locomotive. The RMS vibration displacement was calculated from the recorded time-history
signals using the standard RMS equation, while the frequency spectra were obtained by applying the
Fast Fourier Transform (FFT) to the measured vibration signals. The dependence is well described
by a linear function, [se=0.1255V], with a coefficient of determination of R? = 0.875 (Fig.8). At a
locomotive speed of 40 km/h, the RMS vibration displacement reaches approximately 5 pm.
Increasing the speed from 40 to 80 km/h results in an approximately twofold increase in RMS
displacement to 10 um. A further increase in speed from 80 to 120 km/h leads to an RMS vibration
displacement approximately three times higher than that observed at 40 km/h. The experimental
measurements were conducted within the locomotive speed range of 45-103 km/h. The values
presented at 40 and 120 km/h were not obtained experimentally but were estimated by extrapolation
of the regression model beyond the measured speed range. Therefore, these extrapolated values
should be interpreted with caution and are provided only to illustrate the general trend predicted by
the regression model. The primary conclusions of this study are based on the experimentally
investigated speed range of 45-103 km/h. Further field measurements are required to validate the
predicted response outside this range.
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Figure 8 - Relationship between the root-mean-square (RMS) vertical vibration displacement recorded by
Sensor No. 3 installed on the ballast surface and the operating speed of the VL-80 electric locomotive [Authors'
material]
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Overall, the obtained results demonstrate a clear and systematic relationship between train
operating speed and the vibration response of the railway subgrade formation. The identified trends
in dominant frequencies and vibration displacement parameters provide experimentally grounded
evidence of speed-dependent dynamic effects under real operating conditions. From a practical
perspective, the established relationships between vibration characteristics and locomotive speed may
be employed as evaluation criteria for the development of railway embankment monitoring systems.
In particular, the identified speed ranges and corresponding vibration parameters can support the
definition of threshold indicators for condition assessment and early detection of unfavorable
subgrade behavior. The presented findings therefore contribute to the integration of field-measured
dynamic response parameters into system-level monitoring and infrastructure management
frameworks. Based on the discussed results, the main conclusions of the study and their implications
for railway track monitoring and management are summarized in the following section

4 CONCLUSIONS

This study presents an in-situ experimental assessment of the vibration-induced response of the
railway subgrade shoulder under operational train loading, using a VL-80 electric locomotive as a
controlled excitation source. The scientific novelty of the study lies in the experimentally established
quantitative relationships between train speed and the vibration displacement characteristics of the
railway subgrade shoulder under the investigated track and operating conditions. Based on the
experimental results, the following conclusions can be drawn:

1. The root-mean-square (RMS) vibration displacement, representing the vibration intensity of
the subgrade shoulder, showed a strong dependence on train speed and was reliably approximated by
a linear relationship within the investigated speed range of 45-103 km/h. This experimentally
established relationship provides a quantitative characterization of the speed-dependent vibration
response of the subgrade shoulder.

2. The peak vibration displacement, representing the maximum measured dynamic response,
exhibited a nonlinear dependence on train speed and was adequately described by a second-degree
polynomial relationship within the investigated speed range. The polynomial model is considered
applicable only within 45-103 km/h; its intercept at zero speed represents an extrapolation and is
therefore not assigned a physical interpretation.

3. The combined analysis of RMS and peak vibration displacement provides complementary
information on the vibration response of the railway subgrade shoulder: RMS characterizes the
overall vibration intensity, whereas the peak value reflects the maximum dynamic response. Their
joint consideration provides a more comprehensive assessment of the vibration behavior of the
subgrade under operational train loading.

4. The experimental results indicate changes in the vibration response within the 66—86 km/h
speed range. However, the present measurements do not provide direct evidence linking this behavior
to thixotropic effects or vibration-induced strength reduction in the soil. Such an interpretation
requires additional investigation of soil composition, moisture content, and physical and mechanical
properties.

5. The experimentally established speed-dependent relationships provide a basis for further
development and validation of vibration-based assessment approaches for railway subgrade
structures. Further in-situ investigations under different soil, track, and loading conditions are
required to evaluate the broader applicability of the identified relationships and to support the
development of engineering criteria for railway subgrade design and maintenance.
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