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Summary. The article focuses on the impact of
loads from railway rolling stock on the condition of
the ballast prism, the propagation of vibrations in
the foundation, and their effect on the dynamic
behavior of a high-rise reinforced concrete frame
building. The study examines the dynamic response
of a 17-story monolithic reinforced concrete
residential building located near railway traffic in an
urban environment. The building is elongated in
plan and has sections of varying heights, which may
influence the stress-strain state of the structural
frame under different directions of ground
vibrations. Additionally, the effect of ground
vibrations on the structural frame depending on the
building’s orientation relative to railway tracks is
analyzed.

To model the dynamic behavior of the high-rise
building under the influence of rolling stock loads,
a two-stage approach was applied. First, a finite
element model of the ballast prism and soil
foundation was developed as a two-dimensional
elastoplastic half-space with a length of 200 m and
a depth of 60 m. The load from the rolling stock was
introduced as a vertical periodic disturbance
concentrated at the center of mass of the system,
consisting of the bogie frame, wheelsets of a freight
train car, and the ballast prism.

The influence of rolling stock loads on the
foundation was examined using a nonlinear static
formulation based on the Newton-Raphson method.
Modal analysis of the foundation and ballast prism
was performed using the Lanczos method.

© O.LUKIANCHENKO, A.KOZAK, D.KOSTIN, 2025

ByanisenbHi koHCTpyKUji. Teopis i npakTuka  16/2025

Olha LUKIANCHENKO
professor of the department of
structural mechanics,

doctor of technical sciences,
professor

Andriy KOZAK

associate professor of the
department of structural
mechanics, Ph.D., associate
professor

Denys KOSTIN
PhD student of the department of
structural mechanics

The dynamic behavior of the foundation was
analyzed using the fourth-order Runge-Kutta method.
Horizontal and vertical ground accelerations were
obtained at various distances and depths within the
foundation model.

In the second stage, a 3D model of the building was
developed. The stress-strain state of the structure was
examined using the spectral method under the influence
of design loads and kinematic ground disturbances,
applied along the height of the building’s foundation in
the form of acceleration vectors.
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The conditions for the reliability and structural
safety of the building were evaluated under a
combination of loads, including the impact of
ground vibrations induced by railway rolling stock.
Additionally, the optimal orientation of the building
in relation to railway tracks was analyzed.

Keywords: dynamics; finite element me-
thod; rolling stock; ground acceleration; high-
rise frame building.

PROBLEM STATEMENT

Today, as Ukraine actively collaborates with
European Union countries in the transportation
sector, an important direction is the deepening
of cooperation through the utilization of transit
potential. The implementation of infrastructure
projects, along with military and technical
assistance, raises the issue of an increasing
number of railway transport vehicles operating
near civilian buildings and structures in densely
built urban areas. Therefore, research aimed at
determining the impact of ground vibrations
caused by rolling stock on buildings located
within railway zones is highly relevant.

Developing a mathematical model that
enables the study of the effect of rolling stock
loads on the dynamic behavior of a high-rise
building situated at a considerable distance
from the load's source is a complex task. This
challenge involves creating a model of a high-
rise building while accounting for its
interaction with the ground, as well as a model
of rolling stock-ground interaction. Since the
interaction between rolling stock and railway
tracks is a complex problem requiring
numerous differential equations, mathematical
modeling using computational frameworks is
widely applied in vibration studies. To simplify
the process, various calculation schemes with
different levels of detail are used.

Due to the identical vertical excitations
under the left and right wheels of the wheelset,
many researchers reduce the rolling stock-
ground interaction model to a two-dimensional
representation, where the bogie frame and
wheelset are assumed to be perfectly rigid
bodies with their masses concentrated at their
centers of mass. Several approaches exist for
incorporating the elastic properties of the
ground foundation. The simplest option is the
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Winkler foundation model, which can be
implemented using finite elements with single-
point linear elastic springs. However, the
primary drawback of this model is its inability
to consider the soil's distributed properties. An
alternative to the Winkler foundation model is
the elastic half-space or elastic layer model,
which is the approach adopted in this study.

REVIEW OF PREVIOUS STUDIES

The dynamic effects of moving loads have
been extensively studied by researchers. Since
1847, when the Chester Bridge in England
collapsed due to the dynamic impact of moving
loads, the issue of safe operation of structures
under the influence of rolling stock has
remained relevant. Early attempts at theoretical
solutions to this problem led to the conclusion
that dynamic effects are twice as significant as
static ones. Since then, theoretical and
experimental research has primarily focused on
the impact of moving loads on railway tracks
and bridges.

The loads exerted by rolling stock on railway
tracks and the stress-strain state of track
superstructures are often determined using
well-established methodologies by V. V.
Bolotin, S. P. Timoshenko, B. G. Korenyev,
and I. M. Rabinovich.

The stability of train movement was
thoroughly studied in the 1930s by G. Marais
and remains a relevant topic today. Numerous
scientific studies and papers have been
dedicated to this issue in recent years. Marais’
research is particularly noteworthy as it
comprehensively considers all conditions
affecting railway rolling stock movement,
jointly analyzing the structural quality of both
rolling stock and railway tracks. Based on this
research, a safety criterion for train motion was
established. He was the first to introduce the
term "rolling stock stability on railway tracks".
This issue is critically important, as modern
railways increasingly apply higher axle loads
and higher speeds. A significant concern is the
risk of resonance phenomena. However, due to
internal friction primarily within springs,
suspension joints, and support elements
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vibration absorption is possible, significantly
reducing the risk of resonance.

Rolling stock loads on railway tracks consist
of vertical and horizontal longitudinal and
transverse forces [1]. These forces generate

both stationary periodic and stochastic
vibrations in structural elements.
Numerous studies have focused on

analyzing rolling stock vibrations alongside
railway tracks, determining dynamic wheel-to-
rail loads, and evaluating equivalent track
loading [2]. Other works explore the stress-
strain condition, behavior, and degradation
mechanisms of ballast prisms [3].

Vibrations caused by high-speed train
movement present a serious environmental
issue. Many researchers have examined
numerical, empirical, and hybrid methods for
predicting ground vibrations induced by trains.
The theoretical study of vibration propagation
generated by harmonic or constant moving
loads along a layered beam supported by a
layered half-space is discussed in [5]. The soil
is modeled as a series of parallel viscoelastic
layers resting on either an elastic half-space or
a rigid foundation. The railway track, including
rails, track plates, sleepers, and ballast, is
represented as an infinite layered beam
structure.

Several foreign studies [6-14] have
investigated the effects of ground vibrations
from trains moving through underground
tunnels on buildings. Research in [8] has found
that piles generally dampen vibration
propagation compared to shallow foundations.

The study presented in [15] explores the
impact of reinforced subgrades and vibration-
protection blocks on ground-transmitted
vibrations in  surface railway tracks.
Reinforcing railway subgrades with higher
stiffness materials is commonly applied in soft
soil areas to reduce track settlement and
deflection while simultaneously mitigating
ground-induced vibration transmission.

Despite the extensive body of research on
various types of structural impacts such as
seismic effects and wind-induced pulsations the
issue of vibrations generated by above-ground
railway transport remains relatively
understudied. There is a lack of reliable data on
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how these vibrations propagate across the
earth’s surface and affect buildings.
Investigating these effects will provide
opportunities to ensure safe building operation,
prevent structural failure, and protect human
lives.

MAIN STUDY

The objective of this research is to examine
specific aspects of the impact of train
movement and the resulting ground vibrations
on a high-rise frame building located near
railway tracks.

The characteristics of the foundation and
rolling stock are presented in [16]. Soil
foundations are considered as a flat elastic half-
space.

Figure 1 illustrates the finite element model
of the soil foundation along with the ballast
prism, developed using the MSC NASTRAN
software package [17].

b

Fig.1. Computational model of the ballast prism
and foundation: a) finite element model
(FEM); b) fragment of the FEM

Puc.1. Po3paxyHkoBa Moziens 6anacToBOi MpU3MHU
Ta ocHOBH: a) CKiHUYECHHOETIEMEHTHA
mozens (CEM); 6) dparment CEM

The characteristics of the soil were investigated

at a distance [0 — 100]m from the action of the
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vertical load in the static and dynamic
performances. The nonlinear problem is solved
by the Newton-Raphson method of phase-static
loading. Dynamic task of determining the
eigenfrequencies and mode shapes of the model
was performed using Lanczos method. Ground
motion together with the ballast under the
influence of the vertical load, which is modeled
as a periodic load with a frequency equal to the
eigenfrequency of the vertical oscillations of
the freight a rolling stock were investigated.
The task of forced vibration is solved by direct
numerical integration of differential motion
equations of the Runge Kutta 4th order method.

In the computational model of the building,
ground accelerations corresponding to a
distance of 50 m were applied at the foundation
level. This distance from the railway track axis
is the minimum permissible distance for new
buildings to mitigate the effects of vibration.

The finite element model of the high-rise
reinforced concrete frame building was
developed using the SCAD software package
[18]. The model comprises 87,148 beam and
shell finite elements and 81,478 nodes, each
with six degrees of freedom (Fig. 2).

The building has a height of 60.45 m and an
elongated plan, with axial dimensions of 50.3 x
22.85 m on one side and 50.3 x 10.65 m on the
other. It consists of one underground and
sixteen above-ground floors. The first ten floors
maintain identical slab contours. Above the
11th-floor slab, the slabs decrease in plan
dimensions, forming sections of varying
heights. The underground level, which houses a
parking area, has a height of 3.6 m, while the
first floor, containing commercial and office
spaces, has a height of 4.2 m. The typical
residential floor height is 3.75 m.

The structural scheme of the building is
frame-braced, ensuring adequate rigidity due to
a massive core formed by monolithic
diaphragms of elevator shafts and stairwells.
The infill between the frame elements consists
of brick and aerated concrete blocks. The
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foundation is a monolithic reinforced concrete
raft, 1.2 m thick, supported by 171 bored piles.
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Fig.2. Spatial scheme of the building with
numbering of control points

Puc.2. IlpocropoBa cxema OyAHHKY 3 HyMepaIli€io
KOHTPOJIbHUX TOYOK

The dynamic behavior of the building was
analyzed under the influence of design static
and dynamic loads specified in national
regulatory documents [19-20].

Ground vibrations were defined as
acceleration vectors applied along the height of
the foundation in the computational model.

A modal analysis of the spatial model of the
building was performed using the subspace
iteration method. Figure 3 presents the 10
eigenmodes obtained from the dynamic
calculation.
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mode 1
period 2,611821 s

[

mode 6
period 0,392489 s

mode 2
period 2,462735 s

[

mode 7
period 0,361636 s

mode 3
period 1,139335 s

mode 8
period 0,313957 s

mode 4
period 0,480412 s

[

mode 9
period 0,306870 s
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mode 5
period 0,427995 s

(

mode 10
period 0,289606 s

Fig.3. Vertical projections of the building's eigenmodes and corresponding vibration periods
Puc.3. BeprukanbHi npoekuii ¢opM BIacHUX KOJIMBaHb OyIMHKY i MEepioAn KOJMBAaHb BiAMOBITHO

Two calculation scenarios were conducted:
in the first scenario, accelerations were applied
in the directions of the global X and Y axes; in
the second scenario, accelerations were applied
at a 45-degree angle to the X and Y axes.

The horizontal displacements of the building
frame were verified (Fig. 4, 5), providing a
basis for determining the optimal orientation of
the building in relation to railway tracks.

10 044 [l 19 783 065 162 [l11.03 1337 071 116 [llss2 1049

044 1.88 763 906 168 4.02 13.37 157 116 3.02 1049 12.35

183 331 [Jlle.06 105 402 635 [l157 18.04 302 489 [l1235 1422

331 475 05 1194 636 860 [HEM18.04 2037 489 675 [l422 16.08

s 6.9 194 13.37 Mo 1103 2037 2271 s 7s se> [Mll60s 1795
a 6 8

Fig.4. Horizontal displacements of the building frame along the X axis, mm: a) without ground accelerations;
b) with accelerations in the X direction; ¢) with accelerations at an angle to the X direction

Puc.4. TopusoHTambHi IepeMileHHs KapKacy o X, MM: ) 0e3 IpPHUCKOPEHb TPYHTY; D) 3 IpUCKOpeHHAMH Y
HaMpsIMKY y HanpsMKy X; C) 3 MPUCKOPEHHSIMH ITiJ{ KyTOM 10 X
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Fig.5. Horizontal displacements of the building frame along the Y axis, mm: a) without ground accelerations;
b) with accelerations in the Y direction; c) with accelerations at an angle to the Y direction

Puc.5. T'opusoHTaneHi nepeminieHHs kapkacy mo Y, MM: a) 0e3 MpUCKOPEHb TPYHTY; D) 3 mpuckopeHHsIMH Yy
HaNPSMKY Y HAPSMKY Y; C) 3 IPUCKOPEHHSIMH i KyToM 10 Y

Results of the study: horizontal applied in different specified directions at
displacements of the building frame, both control points marked in the computational
without and under the influence of accelerations model (Fig. 2), are presented in Table 1.

Table 1. Total displacements of the building frame at control points
Tab6a. 1. 3aranpHi mepeMimieHHs KapKkacy Y KOHTPOJbLHUX TOUKAX

Point Displacement Displacement | Displacement | Displacement | Displacement | Displacement
Number | Along X, mm | Along X, mm | Along X, mm | AlongY,mm | AlongY,mm | AlongY, mm
(No (With (With (No (With (With
Acceleration) Acceleration) | Acceleration at | Acceleration) Acceleration) | Acceleration at
an Angle to X) an Angle to Y)
Slab at elevation 30.450
1 5,70 11,44 8,69 4,65 10,32 6,66
2 5,73 11,25 8,55 4,9 10,64 6,92
3 5,71 11,44 8,69 -0,03 4,48 191
4 5,59 10,91 8,27 -0,05 4,46 1,90
Slab at elevation 49.200
5 9,8 17,68 13,78 5,24 12,71 8,00
6 9,8 17,41 13,57 3,44 12,71 8,00
7 9,76 17,64 13,74 0,76 6,92 3,34
8 9,76 17,16 13,37 0,68 6,86 3,28
Slab at elevation 56.700
9 11,98 20,91 16,44 5,49 13,91 8,64
10 12,12 20,72 16,32 5,46 13,89 8,62
11 12,1 21,00 16,53 2,27 9,62 5,23
12 12,1 20,64 16,27 2,30 9,64 5,25
Slab at elevation 60.450
13 13,31 22,71 17,95 3,25 11,26 6,41
14 13,35 22,33 17,67 3,27 11,23 6,43
15 13,30 22,71 17,95 2,47 10,25 5,59
16 13,37 22,35 17,69 2,51 10,29 5,63
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As a result of the displacement analysis, it
was determined that the orientation of the
building at an angle to the railway tracks is
more favorable. The impact of kinematic
ground excitation applied at an angle to the
building was found to be lower compared to
the influence of accelerations along the global
X and Y axes.

CONCLUSIONS AND FUTURE
RESEARCH PROSPECTS

The conducted research has identified a
significant impact of ground vibrations
induced by rolling stock on a frame building
located in the railway traffic zone. The
obtained data on the dynamic behavior of the
building frame allow us to conclude the
following:

e acomparison of displacements without
ground accelerations and under their
influence revealed a substantial
increase in frame displacements at
control points.

o displacements along the orthogonal
axes of the global coordinate system (X
and Y), caused by ground accelerations
in these directions, nearly doubled.

o displacements along the X and Y axes
due to ground accelerations applied at
a 45-degree angle to the axes increased
by a factor of 1.5.

o the most favorable building orientation
is at an angle to the railway tracks, as
this positioning proved to be less
vulnerable to the effects of ground
vibrations.

Further research may focus on refining the
mathematical model of the soil foundation,
specifically by incorporating multiple soil
layers with varying physical characteristics.
Additionally, it would be valuable to examine
the behavior of brick and panel buildings
within railway traffic zones.
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B OCHOBI Ta iX BIUIMBY Ha TUHAMIYHY TOBEAIHKY
0araTormoBepxoBoi KapKaCHO-MOHOJITHOI Oy HiBIIi.

JocmimkeHo  AWHAMIYHY — MOBemiHKy 17-
MOBEPXOBOTO MOHOJITHO-KAPKACHOTO >KUTIIOBOTO
OyAMHKY, IIO pO3TallOBaHUH TOOIH3Y pPyXy
3aJII3HUYHMX TIOTATIB Y MIChKil 3a0yaoBi. bymiBns
BUJIOB)KEHA Yy TUIAHI, Ma€ Pi3HOMOBEPXOBI JIUISTHKH,
o0  MOXE  BIUIMHYTH  Ha  Halpy>XeHo-
nepopMoBaHMil CcTaH Kapkacy @pU  PI3HHX
HanpsMKax KOJIUBaHb TPYHTY. Taxox
MPOaHaJIi30BaHO BILIMB BiOpalliii rpyHTY Ha KapKac
B 3QJICKHOCTI BiJ| OpieHTaIii OyJUHKY BiJIHOCHO
3aJI3HUYHUX KOJIH.

Jlnsg  MopenroBaHHS JMHAMIYHOT TMOBEIAIHKHU
0araTomoBepxoBoi OyIiBIIi MpH il HABAHTAKEHHS
BiJl PYXOMOI'O CKJaJly 3acTOCOBaHO [BOETAITHUI
Maxig:  crmodaTtky  copMoBaHa  CKiHYCHHO-
eJIEMEHTHA MOJIeNb 0aIacToBOT MPU3MH 1 IPYHTY Y
BUTTISI IUIOCKOTO NPY>KHOIIACTHYHOT'O
HaITiBIpOCTOpYy A0BKKUHOIO 200 M. i rmubuHo0 60
M. HaBaHTa)XeHHS Bi/I pyXOMOTO CKJIaJly MOJJaHO Y
BUTJISIII BEPTUKAIBHOTO MEPiOANYHOTO 30ypeHHS,
30CEpPeKEHOr0 B IIGHTPI Mac CHCTEMH, LIO
CKJIAIa€ThCSI 3 PaMH Bi3Ka, KOJICHHX Map BaroHy
BaHTAXXHOTO IMOTATY Ta 6aJ1acTOBOT MPH3MH.

Cmamma naoditiwna 0o peoakyii 10.05.2022
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BB HaBaHTa)KeHHS BiJl pyXOMOTO CKJIaay Ha
OCHOBY JIOCII/DKEHO B HENiHIWHIA CTaTHYHIN
TTOCTaHOBITI METOJI0M HrroTona-Padcona.
MopanbHHN aHaJi3 OCHOBU 1 6aacTOBOi MpHU3MHU
BUKOHAHO MmerogoM  Jlanomia. JuHamiuna
MOBEiHKa OCHOBH JIOCTIJKEHa MeroioM PyHre-
Ky YETBEPTOrO MOPSIIIKY . Otpumani
TOPH3OHTAIBHI 1 BEPTHKAIIbHI MPUCKOPEHHSI TPYHTY
Ha Pi3HHX BiJICTaHHSIX i IHOMHAX Mozer ocHoBH. Ha
npyromy etarti chopmoBana 3D moxens OynuHKY.

3a  JIOMOMOTOI0  CHEKTPAIBHOTO  METOMY
JOOCITIKEHO  Halpy>KeHO-Ie(OPMOBAaHUK  CTaH
OyxiBmi mpu Oiil po3paxyHKOBHX HaBaHTaXKEHb Ta
KIHEMaTUIHOTO 30ypeHHS IPYHTY, MPHKIAICHOTO
mo BucoTi (yHOAMEHTy OyAWHKY VY BHUITISAIL
BEKTOPiB PUCKOPEHb.

[TepeBipeni YMOBH HaJIHHOCTI i
KOHCTPYKTHBHOI ~Oe3meku OyniBmi mpu Al
KoMOiHaIil HaBaHTa)K€Hb, IO BKJIIOYAE BIUIMB
BiOparii TpyHTY OCHOBH Bifl pyXOMOTO CKIamy. A
TaKOXX MPOAHaJi30BaHO MPIOPUTETHUH HAIPIMOK
opieHTalii OyAiBIi CTOCOBHO 3aJli3HUYHUX KOJIH.

KawudoBi ciaoBa: guHaMika; METOJ CKIHUCHHHX

€JIEMEHTIB; PYXOMHUI CKJIaJI; IPUCKOPEHHS TPYHTY;
0araTornoBepXxoBUi KapKacHUH OyIHHOK.
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