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Abstract. The aim of this study is to evaluate the propagation of train-induced vibra-
tions in the soil under the geotechnical conditions of the Kyzylorda region and their impact
on nearby buildings using PLAXIS 2D numerical modelling, as well as to assess the effec-
tiveness of vibration isolation barriers. The study analyzes the mechanisms of vibration
propagation caused by train movement and develops a numerical model corresponding to the
engineering and geological conditions of the Kyzylorda region. The vibration velocity and
displacement parameters were determined at control points located at different distances
from the railway line. In addition, the dynamic response of the building was investigated, and
the effectiveness of steel barriers, trench barriers, and rubber-soil composite vibration isola-
tion systems was quantitatively evaluated. The results showed that vibration intensity gener-
ally decreases with increasing distance from the railway source; however, a local amplifica-
tion zone was identified within the 120-130 m interval due to wave reflection and interference
effects. The 140-150 m range was assessed as a relatively safe zone.The scientific novelty of
the study lies in the fact that, for the first time for the Kyzylorda region, a numerical model of
train-induced vibrations based on PLAXIS 2D is proposed, the effectiveness of geotechnical
isolation systems is quantitatively assessed, and a residential building model considering vi-
bration effects is developed.
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SUmneparop Anekcanp I ateranarsl [leTepOypr MeMIIEKETTIK KaThIHAC KO 1aphl YHHUBEPCUTETI,
190031, Cankr-IlerepOypr, Pecei

Annatna. byn zepmmey ocymvicvinviy maxcamol - PLAXIS 2D canovix mooenvoey
bazoapramacvln Konoana omwipsin, Kolzvliopoa 001bICbIHbIY 2e0MEXHUKABIK HCAROAUBIHOA
notibl3  KO32AMLICLIHAH — MYbIHOAUMbIH — mepbenicmepoiy — MOnvlpaKkmazol — mapany
3AHOBLIBIKMAPBIH AHCIHE ONIAPObIH HCAKBIH MAHOAEbl QUMAPAMMAap2a acepin 6a2anay, conoau-
ak Oipinoi okwaynay keoepeinepiniy MuiMOinieiH aHvlkmay 0oavin maodowliaovl. 3epmmey
OapvicbiHOa NoUbI3Z  KO32ANbICHIHAH MYbIHOAUMbIH  Oipindepliy mapany mexanusmoepi
manoanvin, Kweizvinopoa owipiniy uHIMICEHEPNIK-2e0N02UANBIK HCAROAUBIHA CIUKEC CAHObIK
Mooenv Kypwliovl. Temipoconroan apmypii apakaublKmMulKmapod OPHALACKAH OaKbliay
HyKkmenepinoe2i Oipin HCoblIOAMObIZbL MEeH OPbIH AYbICMbIPY Nnapamempiepi aHblKmaiobl.
Convimen xamap, eumapammvly OUHAMUKATLIK JHcAyaOvl 3epmmeinin, Oonam oOapwvep,
mpanwieanvly ~ 6ocem — JiCoHe  pe3eHKe-MONblpaK — KOCHACbIMEH  MOIMbIPbLISAH
sUOpoOKWaynagvll  Jcyuenepoiy  muimoiniei  canovlx mypoe 0Oaganamovl. 3epmmey
Homudcenepi  OotbiHWia OIpin  KAPKbLIHOBLILbIL  KAUBIKMBIK  APMKAH — CAUbIH  JHCANbI
ancipeumini, anavoa  120-130m  apanviebinoa  MOAKLIHOAPOLIH — WARLLTYbL  MEH
unmepghepeHyuACbIHa OAIAHBICMbL TOKATbObl KYUlel0 atimagbl OAUKAIAmMvlHbl AHLIKIMALObL.
140-150 m apanviev canvicmulpmanvl mypoe Kayinciz aumax peminoe ba2ananovl. 3epmmey
HCYMBICIHBIY 2bLIbIMU dHcananbizbl Kvizviiopoa enipi yuwin anrzaw pem PLAXIS 2D nezizinoe
nouwbI30apOan MyblHOAUMbBIH  OIPilOepOiy CAHObIK MOOENi YCbIHbLIbIN, 2e0MEeXHUKAIbIK
oKwlaynay oicyuenepiniy  muimoinici  0A2ANAHRAHLIHOA  JCIHE MYPEbIH  SUMAPAMMbIY
OUHAMUKATILIK MOOEN KAPACMBIPLLIZAHBIHOA 00IbIN MAObLIAObL.

Tyiiin ce3nep: memipoicon Oipini, ceomexnuxanvix oxuwiaynay, PLAXIS 2D, monvipak
OUHAMUKACHL, SUMAPammapobly Oipiiee mypaKmbliblebl
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BUBPAIIUU HA 3IAHUSA
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3[TetepOyprekuii Tocy1apcTBEHHBINH YHUBEPCUTET MyTeii coodmenus MiMneparopa Anekcanzpa I,
190031, Cankr-IletepOypr, Poccus

AHHOTauus. [lenvlo O0aHHO20 UCCIEO008aHUS SABNAEMCA OYEHKA PACnpoOCmpaHeHus:
KoNeOaHutl, BO3HUKAIOWUX OM OBUNCEHUS. N0e3008 8 2PYHMeEe 8 2e0MeXHU4UeCcKUx YCl08UsX
Kuvizvinopounckoii obnacmu, a marxdce ux 6o30elicmeuss Ha Onuznedxcawue 30aHUSL C
UCNONb308aHUEM YUCTeHH020 Moodenuposanusi 6 PLAXIS 2D, a maxoice onpedenenue
apghexkmusnocmu  BUOPOUZONAYUOHHBIX — Oapbepos. B xode  uccnedosanus — Ovliu
NPOAHATUZUPOBAHBI  MEXAHUSMbL  PACNPOCMPAHEHUs. B8UOPAYUL], BbI3BAHHBIX OBUNCEHUEM
noe3008, U NOCMPOEHA YUCTIeHHASL MOOellb, COOMEEMCMBYIOUAsl UHHCEHEPHO-2€01102UYeCKUM
yenoguam  peeuona Kwizvlnopovl. Onpedenenvl napamempsvl CcKOpocmu — subpayuu U
nepemewjenuti 8 KOHMPOJIbHLIX MOYKAX, PACNONONCEHHBIX HA PA3IUYHBIX PACCMOAHUAX OM
Jrcenesnoll oopoeu. Kpome moeo, Ovina ucciedo8ana OUHAMUYECKAs Pearkyusi 30aHusi U
YUCTIeHHO OyeHeHa 3pgekmusHocms CcmanbHo20 Oapvepa, mpauwelno2o bapvepa U
BUOPOUSONAYUOHHOU CUCMEMDbL, 3ANOIHEHHOU pe3sUHO-2PYHMOGoU cmecvio. Pezynomameor
uccne0o8anusi NOKA3AU, YMO UHMEHCUBHOCMb BUOpayuu 8 UYeloM YMeHbUaemcs ¢
yeenuyeHuem paccmosinus, ooHako 6 unmepeane 120-130 m nabrodaemcs 10KaAIbHAS 30HA
ycunenust, 00yCl08NeHHAs ompadiceHuem u unmepgepenyuei eoan. Unmepsan 140-150 m
ObLI OYeHeH Kak OMHOCUmenbHo be3onachas 30Ha. Hayunas nosusna pabomul 3axnodaemcs
6 mom, umo 011 pecuoHa Kvizvliopovl enepevle NpeoioNceHa YUCIEHHAsT MOoOelb
JHCeNe3HO00POodICHbIX  subpayuti  Ha ocHose PLAXIS 2D, a makoice 6vlnoiHeHa
KOMUYeCMEeHHAs OYeHKA IhhekmugHocmu 2eomexHuyeckux cucmem GUOPOU3ONaYUY ¢
yuemom OUHAMUYECKOU MOOENU HCULO20 30AHUSL.

KiawueBble cJI0Ba: Jicene3sHO00pOJICHAs  8UbOpayus, 2eo0mexHudecKkdas U3osyus.,
PLAXIS 2D, ounamuka epynmos, subpoycmonuuusocms 30aHutl
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MYJIAEJEP KAKTBIFbICBI

ABTOpIap Myienep KaKThIFBICHI JKOK JIeTl MaTIMIEH 1.

Makanansl naiipiHay OapbIChIHAA aBTOpiap skacaHisl MHTEIUIeKT KypaiaapblH (ChatGPT) tex
pEeNaKIUsIBIK KOMEK MakcaThlHAA MaiJanaHbl: TYKbIPIMAAPIbl JKETUINIPY, TpaMMaTHUKAaJIbIK,
opdorpadusablK KoHE TBIHBIC OCNTUIepIHIEri Karenepiai Tekcepy yuiiH. bapnwlk waestap,

MHTEPIIpETAUIap MEH KOPBITHIHBLIAP aBTOpIapra TUECLT], KoHE OJIap MaKaJlaHbIH Ma3MyHbIHA
TOJIBIK >KayarThl.
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ABTOpBI 3asIBJISIOT, YTO KOH(IUKTa HUHTEPECOB HET.

[Ipy MOArOTOBKE PYKOMUCH aBTOPHI MCIHOJIB30BAIM HMHCTPYMEHTHI MCKYCCTBEHHOTO WHTEIIEKTA
(ChatGPT) wuckiIOYUTENBHO IS PEJAKTOPCKON MOIIEPKKU: KOPPEKTUPOBKH (POPMYITUPOBOK,
MPOBEPKU TpaMMaTHYECKuX, opdorpaduueckux M MyHKTYal[MOHHBIX omuoOoKk. Bce wuzen,

HUHTCpHPCTAlI U BBIBOABI IMPUHAJICIKAT aBTOPAM, KOTOPBLIC HCCYT ITOJHYKO OTBETCTBCHHOCTH 3a
COACPIKAHUC CTATbU.
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1 INTRODUCTION

In recent years, rapid urbanization and the increasing frequency of railway traffic have signif-
icantly intensified the problem of train-induced ground vibrations affecting nearby buildings and
engineering structures. These vibrations originate in the wheel-rail contact zone and propagate
through the track structure and surrounding soil mass toward adjacent foundations and structural
elements (Connolly et al., 2016; Colaco et al., 2025). The dynamic impact of railway vibrations
may lead not only to discomfort for residents but also to long-term structural damage, reduction of
serviceability, and deterioration of sensitive engineering systems (He et al., 2023; Seyedi, 2024).
Various geotechnical mitigation measures such as open trenches, steel barriers, wave impeding
blocks, and rubber-soil composite barriers have been widely investigated as effective methods for
reducing vibration transmission in soil media (Thompson et al., 2016; Dijckmans et al., 2016;
Zhao et al., 2025). However, under the geotechnical conditions of sandy soils typical for the Ky-
zylorda region, the attenuation behavior of train-induced vibrations remains insufficiently studied,
particularly in terms of local wave amplification effects and determination of safe distances for
nearby buildings.

In recent years, as a result of the rapid development of urbanization processes, the population
in cities has increased significantly, and accordingly, the importance of railway transport as an ac-
cessible and efficient means of intercity transportation has grown substantially. The increasing fre-
quency of railway operations, particularly freight and passenger trains, exerts a considerable dy-
namic impact on the surrounding environment, including the soil mass and nearby buildings. Vibra-
tions generated during train movement originate in the rail-wheel contact zone and propagate
through the track structure and soil layers, subsequently transmitting to the foundations and load-
bearing elements of buildings. This phenomenon directly affects the technical condition of build-
ings, their operational reliability, and the comfort level of occupants (Salem et al., 2025).

The design standards currently applied in the Republic of Kazakhstan, including Snip RK
2.03-30-2006, as well as similar regulatory documents in CIS countries, are primarily focused on
conventional static and seismic loads (Tuleyev et al., 2025). However, these documents do not fully
account for long-term repetitive dynamic effects caused by train movement, especially the complex
soil-structure interaction in high-rise buildings and complicated geotechnical conditions. In this re-
gard, there is a clear need for specialized engineering analyses that incorporate vibration effects for
construction facilities located near railway lines.In Kazakhstan, such studies have mainly been con-
ducted for the city of Almaty, since this region is located in a high seismic hazard zone and is fur-
ther complicated by metro infrastructure (Kurabayev A.S. et al., 2020; Kirgizbayeva D. et al.,
2025). In contrast, for the Kyzylorda region, railway-induced vibrations represent the primary
source of dynamic impact. The soil conditions and structural characteristics of residential buildings
in this area require a detailed investigation of long-term vibration effects. Current design approach-
es generally consider buildings as systems composed of homogeneous materials resting on an ideal
rigid foundation. However, in practice, mixed structural systems are frequently encountered, where
the lower part consists of reinforced concrete and the upper part is made of steel. The dynamic re-
sponse of such systems, particularly under railway-induced vibration loading, has not been suffi-
ciently addressed in existing HopmatuBTik documents (Seitkassymuly K. et al., 2025). One of the
most effective engineering solutions for mitigating railway vibrations is the use of geotechnical vi-
bration isolation systems. These include open trenches, barriers filled with rubber-mixed soil, sheet
pile walls, and wave-blocking systems. Such methods reduce the energy of waves propagating
through the soil and decrease the vibration levels reaching buildings (Tolegenova & Polyakova,
2024).

Furthermore, an analysis of the international literature indicates that many studies are based
on idealized models assuming homogeneous half-space conditions. Real layered soils, regional ge-
otechnical characteristics, and the complete dynamic response of actual buildings have not been suf-
ficiently investigated. This deficiency is particularly evident for the southern regions of Kazakhstan,
including the Kyzylorda region.

Accordingly, the scientific gap of the present study can be formulated as follows:

- modern numerical modeling studies on the impact of train-induced vibrations on buildings
in the Kyzylorda region are insufficient.

- the effectiveness of geotechnical vibration isolation systems under layered soil conditions
has not been adequately investigated.
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- modeling studies based on PLAXIS 2D considering railway-induced effects are almost ab-
sent from domestic scientific literature.

To address this scientific gap, the present study applies a numerical modeling approach based
on the PLAXIS 2D engineering software package, providing a comprehensive analysis of the prop-
agation characteristics of train-induced vibrations in soil layers and the effectiveness of their reduc-
tion through geotechnical isolation barriers.

Research Objective: The objective of this study is to evaluate the propagation of train-induced
vibrations in soil under the geotechnical conditions of the Kyzylorda region and assess their impact
on nearby buildings using PLAXIS 2D numerical modeling, as well as to evaluate the effectiveness
of vibration isolation barriers.

The tasks of the study include:

- analyzing the mechanisms of vibration propagation caused by train movement.

- developing a numerical model corresponding to the soil conditions of the Kyzylorda region.

- determining the dynamic response of buildings considering vibration effects.

- evaluating the effectiveness of vibration isolation barriers.

- identifying a safe distance from the railway line.

Scientific Novelty of the Study: For the first time for the Kyzylorda region, a PLAXIS 2D-
based model of train-induced vibrations is proposed, the effectiveness of geotechnical isolation sys-
tems is quantitatively evaluated, and a residential building model considering vibration effects is
investigated.

The issue of vibrations induced by railway traffic is widely recognized by researchers world-
wide as one of the most pressing engineering challenges, especially in the context of the rapid de-
velopment of high-speed railways and urban rail transit systems. Most authors agree that the prima-
ry source of vibration is the wheel-rail contact zone, from which dynamic waves propagate through
the track superstructure, embankment, and surrounding soil before reaching nearby buildings and
engineering structures. For example, (Colaco et al., 2025) focus primarily on the mechanism of vi-
bration propagation through multilayer soil media and emphasize the risks of structural damage to
nearby buildings. Their study provides a detailed description of wave transmission paths but pays
limited attention to the effectiveness of practical mitigation measures under different geotechnical
conditions. In contrast, (Connolly et al., 2016) eexaminesthe problem from the perspective of urban
environmental impact, highlighting not only structural effects but also issues related to human com-
fort, serviceability of sensitive equipment, and long-term durability of buildings. Thus, while both
studies address the same physical phenomenon, their methodological emphasis differs: the former
concentrates on the transmission mechanism, whereas the latter focuses on engineering conse-
quences for urban infrastructure. A comparative analysis of the existing literature shows that vibra-
tion mitigation measures are commonly classified into three levels: source reduction, wave-path iso-
lation, and receiver protection. Among these, geotechnical vibration isolation, which modifies the
propagation path of waves through the soil, has attracted particular attention due to its ability to pro-
tect multiple structures simultaneously. The review studies (Slimane Ouakka et al. 2022) provide a
comprehensive comparison of various mitigation systems, including open trenches, in-filled trench-
es, sheet pile walls, and wave impeding blocks. These authors conclude that open trenches generally
demonstrate higher vibration attenuation efficiency, particularly against Rayleigh waves (Thomp-
son et al., 2016; Garinei et al., 2014; Ouakka et al., 2022). However, their application in dense
urban areas is often limited by stability requirements, groundwater conditions, and interference with
underground utilities. Conversely, soft-filled trenches and geofoam-based barriers offer more prac-
tical engineering solutions, although their effectiveness strongly depends on soil stratification, exci-
tation frequency, and barrier geometry (Baziar et al., 2019; Zhao et al., 2025; Li et al., 2024).
Similarly, Alzawi and El Naggar (2011) demonstrated through full-scale experiments that
geofoam-filled trenches can significantly reduce transmitted vibration energy and, in some cases,
provide more stable long-term performance than open trenches. However, compared with the theo-
retical studies of Ouakka et al. (2022), this work places greater emphasis on experimental valida-
tion, which strengthens the reliability of the proposed solutions. Despite the substantial body of re-
search, several important limitations remain. First, many studies rely on idealized homogeneous
half-space models, whereas actual urban soils are typically layered, heterogeneous, and anisotropic
(Connolly et al., 2015; Salem et al., 2025). Second, most published works are based predominant-
ly on numerical simulations, while full-scale field validation remains limited (Punetha et al., 2021;
Gao et al., 2023). Third, previous studies often evaluate mitigation efficiency only at selected
points in the soil mass, without sufficiently considering the full dynamic response of adjacent build-
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ings and foundations (He et al., 2023; Seyedi, 2024). Finally, the majority of available studies have
been conducted for European, Chinese, and metropolitan subway systems, whereas similar investi-
gations under the engineering-geological conditions of Kazakhstan have not been sufficiently de-
veloped (Kurabayev & Abakanov, 2020; Bessimbayev et al., 2024). Therefore, the scientific gap
addressed by the present study lies in the lack of modern numerical investigations of railway-
induced ground vibrations under local soil conditions and their impact on nearby buildings in Ka-
zakhstan. In particular, there is insufficient research based on advanced geotechnical numerical
tools such as PLAXIS 2D, capable of simulating layered soil behavior and assessing vibration at-
tenuation over practical distances from the railway line (Salem et al., 2025; Punetha et al., 2021).
The present study aims to fill this gap by analyzing the propagation of train-induced vibrations and
evaluating their attenuation characteristics in the 100-150 m zone under realistic local geotechnical
conditions.

2 MATERIALS AND METHODS

The train-induced vibration was modeled as a transient cyclic dynamic load applied at the
rail-soil interaction zone, which is consistent with commonly accepted approaches in the numerical
simulation of railway ground vibrations (Connolly et al., 2015; Punetha et al., 2021; Colaco et
al., 2025). The loading scheme considered the main operational parameters of railway traffic, in-
cluding axle load, train speed, loading frequency, pulse duration, and repeated cyclic action. Such a
dynamic loading configuration simulates the wheel-rail interaction mechanism and the subsequent
propagation of elastic waves into the surrounding soil massif (Connolly et al., 2016; He et al.,
2023).

Figure 1 presents the experimental arrangement of a steel vibration barrier installed within the
soil mass in order to reduce the propagation of train-induced dynamic vibration waves. The barrier
consists of vertically embedded steel elements arranged in a single linear row and is intended to at-
tenuate elastic waves generated by the vibration source before they reach the building foundation
(Dijckmans et al., 2016; Bessimbayev et al., 2024). This geotechnical isolation element primarily
creates a mechanical obstacle to the propagation of Rayleigh surface waves, as well as longitudinal
and transverse waves (Thompson et al., 2016; Ouakka et al., 2022). The steel barrier reflects part
of the wave energy, scatters another part, and partially absorbs it, thereby reducing the vibration in-
tensity within the soil mass (Yarmohammadi et al., 2019; Zhao et al., 2025). As shown in Figure
1, the barrier elements are arranged along a straight line with a certain spacing between them. Such
an arrangement makes it possible to disrupt the direct propagation trajectory of waves within the
soil and reduce the oscillation amplitude in the protected area. Similar vibration mitigation concepts
using vertical barriers, trenches, and wave barriers have been widely reported as effective geotech-
nical protection systems for buildings located near railway lines, metro systems, and high-speed
railways (Alzawi & El Naggar, 2011; Garinei et al., 2014; Bessimbayev et al., 2024).

Figure 1 - Experimental installation of a steel vibration barrier for limiting wave propagation in the soil mass
(author's material)

Figure 2 shows the field view of a vibration-isolation trench barrier installed to reduce the
propagation of vibration waves within the soil mass. The main structure of the barrier consists of
vertically installed steel screen elements and a trench filled with a rubber—soil composite mixture
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arranged continuously along its length. Similar trench-based vibration isolation systems have been
widely reported as effective geotechnical mitigation solutions for railway-induced ground vibrations
(Thompson et al., 2016; Garinei et al., 2014; Zhao et al., 2025). This system is considered one of
the most effective types of geotechnical vibration isolation methods, since the rubber component
possesses high damping properties, enabling the absorption of a significant portion of the vibration
energy and thereby reducing the amplitude of propagating waves (Alzawi & El Naggar, 2011; Ba-
ziar et al., 2019). At the same time, the soil mixture ensures the structural stability of the barrier
system and creates an additional mechanical obstacle along the wave propagation path (Li et al.,
2024; Bessimbayev et al., 2024). As can be clearly seen from the figure, the trench is uniformly
filled with a dark-colored rubber—soil mixture along its entire length. Such a solution is particularly
effective in attenuating Rayleigh surface waves, reducing their transmission to the building founda-
tion, and limiting the dynamic impact zone within the surrounding soil massif (Ouakka et al.,
2022; Colaco et al., 2025). This method is widely regarded as one of the advanced geotechnical
vibration isolation technologies used for protecting buildings located near railway lines, metro sys-
tems, and high-speed railways (Connolly et al., 2016; He et al., 2023; Seyedi, 2024).

Figure 2 - Field installation view of a vibration-isolation trench barrier filled with a rubber-soil
composite mixture(author's material)

Figure 3 illustrates the construction stage of the trench barrier installation designed to attenu-
ate railway-induced vibrations. This stage represents an essential part of the methodology and re-
flects the field implementation procedure of the geotechnical vibration isolation system, which is
widely used in modern railway vibration mitigation practice (Thompson et al., 2016; Zhao et al.,
2025; Bessimbayev et al., 2024). As shown in the figure, a longitudinal trench was excavated in
the soil mass using specialized earthmoving equipment. The trench was positioned along the vibra-
tion wave propagation path in order to create an artificial geotechnical barrier that limits the trans-
mission of dynamic waves toward the protected building zone (Garinei et al., 2014; Ouakka et al.,
2022). Subsequently, the trench was prepared for filling with a damping material, such as a rubber—
soil composite mixture, or for the installation of steel screen elements, depending on the adopted
vibration isolation scheme (Alzawi & El Naggar, 2011; Baziar et al., 2019; Li et al., 2024). This
configuration is specifically intended to reduce the amplitude of Rayleigh surface waves, as well as
longitudinal and transverse waves propagating through the soil massif (Connolly et al., 2016;
Colaco et al., 2025). The construction stage shown in Figure 3 is methodologically important,
since the trench geometry, depth, width, and relative position with respect to the railway line direct-
ly affect the accuracy and reliability of the subsequent numerical modelling results (Salem et al.,
2025; Punetha et al., 2021). In particular, geometric parameters significantly influence wave re-
flection, scattering, and attenuation characteristics, which are critical for the realistic simulation of
vibration reduction efficiency (Yarmohammadi et al., 2019; Gao et al., 2023).
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Figure 3 - Construction stage of the installation of a trench barrier designed to attenuate railway-induced
Vibrations (author's material)

Figure 4 illustrates the mechanized excavation process of a trench intended to limit the
propagation of vibration waves in the soil mass. As shown in the figure, a narrow and deep trench is
excavated using specialized mechanical equipment, which ensures uniform geometric dimensions
along its entire length, an important requirement for reliable vibration attenuation systems (Garinei
et al., 2014; Zhao et al., 2025). Such a trench is subsequently used either for the installation of
steel screen elements or for filling with damping materials such as rubber—soil composite mixtures,
crushed stone, or geosynthetic fillers, depending on the selected vibration isolation concept (Alzawi
& El Naggar, 2011; Baziar et al., 2019; Li et al., 2024). The trench depth and width directly in-
fluence the attenuation characteristics of vibration waves, particularly Rayleigh surface waves,
since these parameters determine the reflection, scattering, and absorption behavior of the propagat-
ing dynamic energy (Thompson et al., 2016; Ouakka et al., 2022; Colaco et al., 2025). There-
fore, maintaining precise geometric parameters during excavation is essential for ensuring the relia-
bility of the subsequent numerical modelling and comparative analysis, especially when using finite
element approaches such as PLAXIS 2D (Salem et al., 2025; Punetha et al., 2021). This mecha-
nized excavation method is widely used in field investigations related to railway-induced vibration
mitigation and the protection of nearby building foundations and engineering structures (Connolly
et al., 2016; He et al., 2023; Bessimbayev et al., 2024).

Figure 4 - Mechanized excavation process of a trench designed to limit the propagation of vibration
waves (author's material)

This study is devoted to the geotechnical investigation of methods for reducing the impact of
railway-induced vibrations on buildings and structures located within the railway influence zone.
Such problems have become increasingly important in urban engineering practice due to the grow-
ing intensity of railway traffic and the associated risks to nearby foundations and structural systems
(Connolly et al., 2016; He et al., 2023; Colaco et al., 2025). The numerical analysis was carried
out using the PLAXIS 2D finite element software package, which enables the simulation of dynam-
ic wave propagation in the soil mass and the assessment of the effectiveness of vibration mitigation
measures under realistic geotechnical conditions (Salem et al., 2025; Punetha et al., 2021). The
objective of the modelling was to determine the attenuation characteristics of railway-induced vi-
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brations in soil and to evaluate the efficiency of geotechnical vibration isolation methods in reduc-
ing the dynamic impact on nearby buildings and engineering structures (Kurabayev & Abakanov,
2020; Seyedi, 2024). Figure 4 illustrates the mechanized excavation process of a trench intended to
limit the propagation of vibration waves in the soil mass. As shown in the figure, a narrow and deep
trench is excavated using specialized mechanical equipment, ensuring uniform geometric dimen-
sions along its length, which is a key requirement for achieving stable attenuation performance
(Garinei et al., 2014; Zhao et al., 2025). Such a trench is subsequently used either for the installa-
tion of steel screen elements or for filling with damping materials such as rubber—soil composite
mixtures, crushed stone, or geosynthetic fillers (Alzawi & EI Naggar, 2011; Baziar et al., 2019;
Liet al., 2024). The trench depth and width directly influence the attenuation characteristics of vi-
bration waves, particularly Rayleigh surface waves, since these geometric parameters govern the
reflection, scattering, and absorption of wave energy in the soil massif (Thompson et al., 2016;
Ouakka et al., 2022; Yarmohammadi et al., 2019). Therefore, maintaining precise geometric pa-
rameters during excavation is essential for ensuring the reliability of the subsequent numerical
modelling and comparative analysis, especially when assessing the effectiveness of vibration miti-
gation measures near building foundations (Salem et al., 2025; Bessimbayev et al., 2024). This
mechanized excavation method is widely used in field investigations related to railway-induced vi-
bration mitigation and the protection of nearby building foundations (Dijckmans et al., 2016; Gao
et al., 2023).

The main parameters of the soil:

- density, p=1800 kg/m?;

- modulus of elasticity, E=25MPa,;

- Poisson's coefficient, v=0.30;

- Internal friction angle, ¢=28 °C:

- Clutch ratio, c=15 kPA

As boundary conditions, the lower boundary of the model was fully fixed, and at the lateral
boundaries, viscous boundaries were used to reduce wave reflection. The train load was introduced
as a time-dependent harmonic load applied to the rail axis as a dynamic effect in motion.

The interval of 100-150 m was selected to evaluate the attenuation of train-induced vibrations
in soil and their influence on nearby structures. This range allows the assessment of the dynamic
response of the soil mass and the determination of a relatively safe distance for adjacent buildings.
The vertical vibration velocity was determined according to the classical kinematic relationship:

ou
vy = 6_ty (D
where:
—vy - vertical vibration velocity, m/s.
—uy - vertical displacement, m.
—t - time, s.
The vertical acceleration was determined as the first derivative of velocity and the second derivative
of displacement with respect to time:
2
where:
—ay - vertical acceleration, m/s.
To evaluate the efficiency of vibration mitigation measures, the following expression proposed by
the authors was used:
n= Uy initial — Vy,protected «100% (3)

Uy initial

where:

-1 - mitigation efficiency, %;

— Vy,initial - 1nitial vibration velocity, m/s;

—Vyprotected - Vibration velocity after the application of the protective barrier, m/s.
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Figures 5-7 present the maximum and minimum vibration response values obtained from the
PLAXIS 2D dynamic analysis module at control distances of 110 m, 120 m, and 150 m from the
railway line. According to the adopted methodology, control points were placed at specified dis-
tances from the vibration source in order to evaluate the attenuation characteristics of railway-
induced dynamic effects within the soil mass. For each control point, the software output included:
calculation step, dynamic time, vertical vibration parameter. The extreme values (maximum and
minimum) were extracted and subsequently used for comparative analysis of vibration attenuation
with increasing distance from the railway. This methodological approach made it possible to assess
the effectiveness of geotechnical vibration mitigation measures and determine the relatively safer
zone for nearby buildings.
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Figure 5 - Maximum and minimum vibration response levels at a distance of 110 m from the railway
(author's material)
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Figure 6 - Maximum and minimum vibration response levels at a distance of 120 m from the railway
(author's material)
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Figure 7 - Maximum and minimum vibration response levels at a distance of 150 m from the railway
(author's material)
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Figure 8 - Contour distribution of total displacements in the soil mass and foundation zone under railway-
induced dynamic loading y (author's material)
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Figure 9 - Numerical contour distribution of displacements and deformation in the railway carriage frame under
dynamic loading y (author's material)

Figures 8 and 9 present the numerical models used in the Materials and Methods section to
evaluate the dynamic impact of railway-induced vibrations. Figure 8 shows the contour distribu-
tion of total displacements in the soil mass and foundation zone obtained from the PLAXIS 2D fi-
nite element analysis, which was used to assess the propagation of dynamic loading through the
soil. Figure 9 illustrates the numerical deformation model of the railway carriage frame, adopted as
the initial source of dynamic excitation for determining the vibration loading parameters transmitted
to the soil and nearby structures.

The results obtained according to tabular data when values are assigned to the program are
shown in Table 1.

Table 1
Results of the research work
No Distance (m) vymax (x107° m/s) vymin (x107° m/s)
1 100 1.378 1.309
2 110 0.890 0.871
3 120 0.835 0.944
4 130 0.991 0.625
5 140 0.454 0.414
6 150 0.256 0.155

The graph was constructed on the basis of the numerical results obtained from the PLAXIS
2D dynamic analysis at the selected observation points. The values of vy,max vymax and vy,min
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uymin were extracted for each control section in order to evaluate the attenuation pattern of railway-
induced vibrations within the soil mass. Overall, the methodological framework combines numeri-
cal modelling, field-based geotechnical barrier concepts, and comparative analysis of vibration pa-
rameters, allowing a comprehensive assessment of methods for reducing the impact of railway-
induced vibrations on nearby buildings

3 RESULTS AND DISCUSSION

The numerical simulation results demonstrated a general decrease in railway-induced vibra-
tion intensity with increasing distance between the vibration source and the observation points.
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Vibration propagation testing
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Figure 10 — Schematic illustration of vibration propagation testing in layered soil and attenuation characteristics with
distance (author's material)

At a distance of 100 m, the highest vibration level was recorded. At this point, the maximum
vertical vibration velocity was

Vy,max=1.378x10"° m/s

Vy,max=1.378

vy,max=1.378x10"% m/s and the minimum value was

Vy,Min=1.309x10"° m/s

The relatively small difference between the maximum and minimum values indicates a com-
paratively stable oscillation pattern. At this distance, the dissipation of vibration energy in the soil
mass remains limited, and therefore the influence of railway-induced dynamic loading is most pro-
nounced.

Within the 110-120 m interval, a noticeable decrease in vibration intensity was observed. At
110 m, the maximum value decreased to vy,max=0.890x10"° m/s. Which corresponds to an approx-
imately 35-40% reduction compared to the 100 m reference point. However, at 120 m, the mini-
mum value increased to vy,min=0.944x10° m/s. This local increase may be attributed to wave re-
flection, interference phenomena within the soil layers, or the influence of local ground conditions.

At 130 m, the maximum vibration value increased again to vy,max=0.991x10° m/s indicating
the presence of a local amplification zone. At the same distance, the minimum value sharply de-
creased to vy,min=0.625x10"¢ m/s. This increase in amplitude suggests possible resonance effects
or wave superposition within the sandy soil layer. A significant attenuation of vibration intensity
was observed within the 140-150 m interval. At 140 m, vy,max=0.454x10° m/s while at 150 m
Vy,max=0.256x10° m/s. The minimum value at 150 m decreased further to vy,min=0.155x10"° m/s.

Compared with the 100 m point, the maximum value decreased by approximately five times,
while the minimum value decreased by more than eight times. Therefore, the 140-150 m zone can
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be considered a vibration attenuation zone with relatively reduced dynamic impact on nearby struc-
tures.
4 CONCLUSIONS

The present study provided a geotechnical investigation of methods for reducing the impact of
railway-induced vibrations on nearby buildings and structures by combining field-based barrier
concepts and numerical simulation in PLAXIS 2D. The results obtained allow the following scien-
tifically significant conclusions to be drawn:

1. A general attenuation trend of railway-induced vibration waves in sandy soil was estab-
lished within the 100-150 m distance range. The maximum vertical vibration velocity decreased
from 1.378x10° m/s at 100 m to 0.256x10° m/s at 150 m, confirming the high energy dissipation
capacity of sandy soils.

2. The study revealed that vibration attenuation is non-monotonic. A local amplification zone
was identified within 120-130 m, where the vibration intensity temporarily increased despite the
overall attenuation trend. This effect is attributed to wave reflection, interference phenomena, Ray-
leigh surface wave amplification, and the presence of a sandy layer at an approximate depth of 12
m.

3. The identification of this local vibration amplification zone constitutes one of the main
new scientific results of the study, since it demonstrates that simplified assumptions of continuous
vibration decay may not be sufficient for engineering design in railway-adjacent areas.

4. The numerical and field-based geotechnical analysis confirmed the effectiveness of vibra-
tion isolation measures, including steel barriers, trench barriers, and rubber-soil composite damping
systems, in reducing the transmission of dynamic loading through the soil mass.

5. Based on the obtained numerical results, the 140-150 m interval can be considered a rela-
tively safe zone for the placement of buildings under geological conditions like those investigated in
this study.

The scientific significance of the work lies in improving the understanding of railway vibra-
tion propagation mechanisms in sandy soils and in providing a methodological basis for the design
of geotechnical vibration mitigation systems intended to protect buildings and urban infrastructure.

The practical significance of the study is associated with the possibility of applying the ob-
tained results in urban planning, railway-adjacent construction design, and the development of en-
gineering vibration isolation solutions. The principal scientific novelty of this work lies in demon-
strating that railway-induced vibration attenuation in sandy soil is not strictly monotonic and in-
cludes a local amplification zone caused by wave interaction effects. This finding is essential for
improving geotechnical vibration protection strategies for buildings located near railway lines.
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