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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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Auparna. Makanaoa Hakmel natioaniany HcAOAULIHOA HCOLLIHCLIMANLL KYPAM 2CEpIiHeH
MeMIpIHCcONl YCmiKel KYpuliblCbl dNeMeHmmepi MeH Jcep MOCeMIHIH 8UOPOOUHAMUKATILIK HCAYan
bepyin Oananvlx 3epmmey Hamuicenepi YColHblIEAH. OpMYPJi KO32ANbIC HCbLIOAMObIKMAPLIHOA
BJI-80 snexmpososbr omken kezde mypakmel memipicon YUIHOICIHIY dicuesi 6enicinde miK
basvimmaevt mepoenicmep mipkendi. Kvindamovikmely mepoenic napamempiepine acepiH
bazanay yuwlin YaKblmmulK JHCIHe OJHCULTIKMIK aumakmapoa manoay diCypeizinoi, oHwvly iwiHoe
yoeyoiy wexmi manoepi, opmawa kKeaopammuvlk manoep (OKM), 6acvim oicuinikmep dwcaue
CHEeKmpPIIK 9Hepeus CUnammamaiapsbl aHblKmanovl.3epmmeyoiy Makcamsl - HAKmMvl NAUOALAH)
HCAROAUBIHOA  NOE30blY  HCHLIOAMObIZbL MeH Jicep MmeceMiniy mepoenic napamempiepi
apacviHoazvl CaHoblK mayendinikmepoi auvikmay. Kypeizineen sepmmeynep Hamudxicecinoe
mepbenic napamempiaepi MeH KO32albIC HCbLIOAMObIZbL APACbIHOAgblL MYPaKmul Oatnanvicmap
AHBIKMATLIN, HCYKMEMEHIH apmyblHa OAUIAHBICbL «IHCOTIObIH YCMIN2T KYPBLIbICHL - JHcep Mocemiy
JHCYUeCiHIY OUHAMUKANLIK KYUIHIY 3aHObl  632epicmepi Kepceminodi. 3epmmeyoiy 2blibiMU
JHCAHANBIRBL  HAKMBL  NAUOANAHY — JHCAROAUBIHOA — Jicep  mecemi  YUIHOICIHIY — dcuezinoeli
HCHLIOAMOBIKKA mMaYendl mepoenic Ccunammamaiapolh OalalblK Hagoatoa 3KCNepUMeHmmix
aHbIKMayoda, COHOAU-aK YAKbIMMbIK JHCoHe JHCULIIKMIK napamempiepdi Oipikmipy apKblivl
mepbernic HecizinOeai Hcagoatiovl basanay maciiin yYcolHyoa dcamolp. ANblHeAH dKCNEePUMEHMMmIK
Odepekmep memipacon YUIHOIIepiHiy dnca20aiiblh mepoenic He2iziHOe 6aeanayoa KoI0AHbLIYbl
MYMKIH. ¥CblHbLIEAH MACIN aKayiapovl epme aHublKmay2d apHAlAH MOHUMOPUHZ 20iCmepiH
0amvimyada, MexHUKAaIblK KblsmMem KoepcemyOi HcOCnapiayovly MmuiMOLliciH apmmuvlpy2a JHcoHe
MeMIpAHCONL UHPPAKYPOLIBIMBIHBIY HCAROAUBIH OACKAPYObl dcemindipyze 6asblmmanean.

Tyiiin ce3mep: memipocon IHCONbIHLIY OUHAMUKACHL, Jicep MOCceMiHiy mepbenicmepi;
JHCLUINCLIMATILL  KYpam acepl;, ubpayusanely 0Oakuliay, HaAmypiavlk 3epmmeyiep, KOo32aIblC
HCHLIOAMOBIEDI.
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AnHoTaumsi. B cmamwe npedcmasnenvl  pe3yibmamvl  HAMYPHBIX — UCCIEO08AHUL
BUOPOOUHAMUYECKO20 OMKIUKA IJIEMEHMO8 8EPXHE20 CIPOEHUs. NYMU U 3eMASAH020 NOJAOMHA NOO
8030elicmeuem NOOBUNICHOZO COCMABA 6 PealbHblX ycaiosusx skcnayamayuu. Ilpu nponycke
anexkmpoeosa BJI-80 no wcene3no0opodxchomy nymu ¢ pasiudHbiMu CKOPOCMAMU OBUNCEHUS
PecUCMPUPOBATUCH BEPMUKATIbHbIE KONeOAHUSL 2DYHMA 8 001ACmU 000YUHBL 3eMISIHO20 NOJOMHA
HCENe3HOOOPONHCHOU Hacvinu. [[is OyeHKU GIUAHUS CKOPOCMU HA napamempsbl KoaieOaHui Owil
NPO6edeH aHanU3 60 BPEMEHHbIX U YACTOMHBIX 00IACIIAX, 8 MOM YUCLE ONPeOeNeHbl NPEOelbHbLE
3HaueHusi YCKopeHus, cpeoHexksaopamuunvle 3Havenus (CK3), mnpeobnadarowue uacmomvi u
CNeKmpanbHble IHepeemuyeckue xapakmepucmuku. Llenvio uccreoosanus sensiemcs onpeoeneHue
KOJIUYECMEEHHbIX 3ABUCUMOCTEN MeXHcOY CKOPOCmblo noe3dda U napamempamu Kojaebanuil
3eMIAHO20 NONOMHA 6 PealbHbIX YCI08USAX OSKCHayamayuu. B pezyiomame nposedenmvix
uccneo008aHull  ObLIU  BbIAGIEHbI NOCMOSHHbIE CBA3U  MedHCOy napamempamu KoieOauuu u
CKOPOCMbIO  OBUMNCEHUSl, NPOOEMOHCIMPUPOBAHbI  3AKOHOMEPHbIE USMEHEHUST OUHAMUYECKO2O0
COCMOAHUAL CUCEMbl «8epXHee CMpOoeHue NYymu - 3eMIsIHOe NOJLOMHO» 8 C8A3U C YeeludeHuem
IKCNIYAMAYUOHHOU  Haepys3ku.  Hayumas — Ho6usna — ucciedoeauus — 3aKIOYAEMCs 6
IKCHEPUMEHMATIbHOM ~— ONpeOeleHuU 68  HAMYPHLIX — YCIOBUAX — CKOPOCMHO-3A8UCUMBIX
Xapakmepucmux KoaeOaHuil HA Kpar HACLINU 3eMISIHO20 NOJOMHA 6 PealbHblX VCI06USIX
IKCHIYAmayuu, a makice 8 npedoCmasieHuu cnocoda oyenKu COCMOAHUSL HA OCHOBe KOAeOaHUll
nymem cOY4emanus 8peMEeHHbIX U YACMOMHbIX napamempos. llonyuennvie dKcnepumenmanbHvle
OaHHble Mocym Oblmb  UCNONBL308AHbI Ol BUOPAYUOHHO2O MOHUMOPUHEA — COCMOSHUL
JHCeNe3HO00POACHBIX Hacvinel. [Ipednacaemvili nN00X00 HANPAGIeH HA paA3gUmMue Memooos
MOHUMOPUH2A DPAHHE20 BblAGIeHUs 0eheKmos, nosviuleHue PHeKmusHOCmu NIAHUPOBAHUS
MEeXHUYEeCK020  OOCIYIHCUBAHUS U COBEPUICHCMBOBAHUE  YNPAGIEeHUs  COCMOSHUEM
HCENe3HOOOPOAHCHOU UHDPACTPYKIMYPbL.

KiaoueBble coBa: ouxamuxka nymu, uOpayuu 3emisHo20 NOJIOMHA, 8030elcmeue
NOOBUICHO20 ~COCMABA,  BUOPAYUOHHBILL KOHMPOTb, HAMYPHbIE UCCLE008AHUsL,  CKOPOCHIb
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.
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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 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.

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.

28

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



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

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
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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, 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 f..,
vibration velocities f,,, and vibration accelerations f,. 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 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.
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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]

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,

$,=0.0025V2-0.1066V+20.759 (1)

with a coefficient of determination of R* = 0.8428. The intercept s,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, [S.=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 um. 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]

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.
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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 6686
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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