ISSN 2410-2547 127
Onip matepiaiis i Teopis ciopy/Strength of Materials and Theory of Structures. 2025. Ne 114

UDC 539.3

ANALYSIS OF DYNAMIC BEHAVIOR OF A MULTI-STOREY FRAME
BUILDING IN THE RAILWAY TRAFFIC AREA

0.0. Lukianchenko,

Doctor of Technical Sciences

A.A. Kozak,

Candidate of Technical Sciences

D.Ye. Kostin,

Graduate student

Kyiv National University of Construction and Architecture

DOI: 10.32347/2410-2547.2025.114.127-134

The impact of loads from rolling stock on a 25-storey monolithic-frame office building section with a 9-storey parking
garage, located near the movement of railway trains in an urban environment, was investigated. A two-stage numerical approach
was applied to mathematically model the dynamic behavior of multi-storey buildings under rolling stock loads.

In the first stage, the effect of vibrations from rolling stock on the foundation was studied using computational procedures in
the NASTRAN software package. Horizontal and vertical ground accelerations at various distances and depths of the foundation
model from the railway track axis were obtained. In the second stage, a 3D model of the building was created in the SCAD
software package, and its stress-strain state was analyzed under calculated loads and kinematic ground excitation. The ground
excitation was applied along the height of the building’s foundation as acceleration vectors.
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Introduction. Enhancing collaboration with the European Union in the transport sector and utilizing
Ukraine's transit potential are important directions in joint transport policy. Today, infrastructure projects
and initiatives involving technical and military assistance are being implemented. However, the issue of
dense urban development remains relevant and requires the attention of specialists from various fields
and areas of research. The most pressing issues for metropolises concern the growing number of vehicles
and railway traffic near civilian buildings and structures.

A review of the literature revealed that theoretical and experimental studies are primarily focused on
the effect of moving loads on railway tracks and bridges. The loads exerted by rolling stock on railway
tracks and the parameters of the stress-strain state of the superstructure are often determined using the
well-established methodologies of V.V. Bolotin [1], S.P. Timoshenko [2], B.G. Korenev, and .M.
Rabinovich [3, 4]. For instance, in [5], the loads from rolling stock on railway tracks are presented as
vertical and horizontal longitudinal and transverse forces. In this context, both stationary periodic and
stochastic oscillations in structures under the action of these forces were considered. In [6], the
oscillations of rolling stock interacting with tracks were studied. The stress-strain state of structural
elements in the superstructure of the track was determined and assessed against strength criteria. The
stress-strain state, behavior, and degradation conditions of the ballast prism were examined in [7]. Due to
the identical vertical excitations under the left and right wheels of the wheelset, many researchers
simplified the model of soil and rolling stock interaction to a plane model. In this case, the bogie frame
and wheelset were assumed to be perfectly rigid bodies, with their masses concentrated at the centers of
mass. The simplest approach to account for the elastic properties of the soil is the Winkler foundation
model. However, its main drawback is the inability to consider the soil's distribution properties.
Alternatives to the Winkler model include the elastic half-space model or the elastic layer model.

Despite the extensive number of scientific studies dedicated to investigating various types of
dynamic impacts on buildings and structures, the effects of vibrations caused by different modes of
transportation remain insufficiently explored. It is well-known that rolling stock generates vibrations in
the soil that affect buildings located near railway lines. These vibrations can lead to uneven settlement
of foundations and additional stresses in the structural elements of buildings. Currently, there is a lack
of reliable data on how vibrations from rolling stock propagate through the soil and impact nearby
structures. Of particular importance is the consideration of additional dynamic loads from rolling stock
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when analyzing the dynamic behavior of multi-storey buildings, which are more sensitive to seismic
and wind loads. Ensuring safe operational conditions for multi-storey buildings is essential to prevent
their destruction and protect human lives.

This study focuses on the impact of rolling stock loads on the condition of the ballast prism, the
propagation of vibrations in the base, and their influence on the dynamic behavior of a multi-storey
monolithic-frame building, taking into account calculated static and dynamic loads as specified by
national regulatory documents.

1. Finite Element Model of the Ballast Prism and Base. In the study [8], the authors constructed a
finite element model of the ballast prism and the foundation. The soil foundation was treated as a flat

elastic half-space. Using elastic-plastic soil properties and corresponding formulas E0=E/ 1-v?),

Vp=V/(1-V) calculations were conducted for the following physical characteristics of the base and ballast
materials: sand (base): EO=16,484-103 kPa, v,=0,429, =032, p=18,0kN/m3 ; sand (ballast):
E=2510°kPa , v=0,3, 8=0,3, p=10,0kN/m?> ; macadam (ballast): E=510°kPa, v=0,27, =0,27

p=14,0kN/ m? ; reinforced concrete sleepers: E=3,810"kPa, v=0,2, £=0,05, p=24,5kN/ m’ .
Rolling Stock Model Specifications (Model 11-260): Purpose: Designed for the transportation of

goods, including piece goods and grains, requiring protection.

Project Number: 260.00.000-00

Specifications: TU24-5-498-86

Carrying Capacity: 67 tonnes

Wagon Tare Weight: 26 tonnes

Static Axial Load: 228 kN

Design Speed: 120 km/h

Base Car Length: 12.240 m

Overall Length (Coupler Pulling Faces): 16.970 m

Frame Length (End Girders): 15.750 m

Maximum Width: 3.266 m

Maximum Height (Top of Rail Head): 4.688 m

Height (Floor Level): 1.286 m

Number of Axles: 4
First, a linear static calculation was performed under a vertical load modeled as a concentrated force

of 230.5 kN. This calculation yielded isofields for vertical and horizontal displacements, with a maximum

displacement of 0.0536 m (Fig. 1), along with the normal and equivalent stresses for the model.
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Fig. 1. Isofields of: (a) vertical displacements; (b) horizontal displacements

Next, a modal analysis was conducted to perform a dynamic analysis of the foundation, using the
Lanczos method, taking into account the 10 modes and natural vibration frequencies. Figure 2 shows
the first 6 natural vibration modes of the foundation. It can be observed that the modes are divided into
skew-symmetrical forms (modes 1, 3, and 5) and symmetrical forms (modes 2, 4, and 6).
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Fig. 2. Forms of natural vibrations
Eigen frequencies constitute: v = [0,2374; 0,4605; 0,6297; 0,7244; 0,8042; 0,8219] Hz.

The dynamic calculation of the base was performed under the action of a vertical periodic load
caused by the movement of the rolling stock, with a load of 228.0 kN. The natural vibration frequency
of the rolling stock was determined to be 6,046 s”'. The calculation was conducted through direct
numerical integration of the motion equation at the first natural frequency of 0.237372 Hz, with a
transition process duration of # = 5 s. This process includes both the inherent harmonic vibration of the
model at its first frequency and the influence of the periodic load generated by the carriage with goods.
The maximum displacement at the loading point was 0.0357m at ¢ = 0,45s. Consequently, the dynamic
response factor is calculated as: 0.0536 m/0.0357 m = 0.67m. If v = 40 km/h the passage time for one
rolling stock unit (L =19.2 m)is t=1.73s,if v=100 km/h —#=0.19 s.

The soil characteristics were studied at distances of [0-100] m from the point of vertical load
application under both static and dynamic conditions. The nonlinear problem was solved using the
Newton-Raphson method for phase-static loading. The dynamic task of determining the
eigenfrequencies and mode shapes of the model was completed using the Lanczos method. The ground
motion, along with the ballast, under the influence of vertical loading (modeled as a periodic load with
a frequency equal to the eigenfrequency of the vertical oscillations of the rolling stock), was analyzed.
The task of forced vibration was solved through direct numerical integration of the differential motion
equations using the 4th-order Runge-Kutta method.

The dynamic behavior of the surface soil layer was examined at distances of [0 — 50] m from the
vertical load application (fig. 3). The maximum vertical acceleration of the surface soil layer 1,14 m/s,
was observed directly at the ballast prism under the loading point. The maximum horizontal
acceleration 0.116 m/s* was recorded at a distance of 10 m from the loading location. It is evident that
vertical ground acceleration decreases with increasing distance from the loading site. However, the
horizontal ground acceleration exhibits a non-uniform response to the distance, with values of
0,0256 m/s” at 40m and 0,0351 m/s” at 50 m.

e

Fig. 3. Acceleration of the surface layer of soil
(1-0m,2—-5m,3—-10m,4 —20m, 5 —30m, 6 —40m, 7 — 50m): (a) vertical; (b) horizontal

Consider the dynamic behavior of the surface layer of soil at a distance [60 — 100Jm from the
action of vertical load (fig. 8).
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Fig. 4. Acceleration of the surface layer of soil
(1 -60m,2—-65m,3 -70m,4—75m,5 —80m, 6 — 85m, 7 — 90m, 8 — 95m): (a) vertical; (b) horizontal

It is observed that, with increasing distance, the vertical and horizontal accelerations of the surface
soil layer decrease. The vertical acceleration of the soil ranges from 0.045 m/s? to 0.023 m/s?, while the
horizontal acceleration ranges from 0.045 m/s? to 0.011 m/s%. The influence of the rolling stock on the
acceleration of the soil layer at a depth of [0—4] meters and at a distance of 95 meters from the loading
point is shown in Fig. 5.

189i¢

Fig. 5. Acceleration in depth soil layer at a distance 95 m
(1-0m,2-1m,3-2m,4—-3m,5-4m): (a) vertical; (b) horizontal

2. Finite Element Model of a Multi-Storey Building. The building has a height of 82 meters and
dimensions in plan of 35.7 x 36.9 meters. It includes one underground floor and 24 above-ground floors.
The first nine floors are partially occupied by a parking garage. The height of each parking level is 3 meters,
while the height of the office floors is 3.75 meters. The building exhibits sufficient rigidity due to two
stiffness cores, represented by monolithic diaphragms of elevator shafts and stairwells. The inter-frame infill
is constructed using bricks and aerated concrete blocks. A monolithic reinforced concrete raft foundation
with a pile base consisting of 378 bored injection piles has been adopted as the foundation.

The finite element model of the multi-storey reinforced concrete frame section was developed
using the SCAD software package [9]. The model consists of 194,289 beam and shell finite elements
and 180,826 nodes, each with six degrees of freedom (Fig. 6).

(b) (©)
Fig. 6. (a) 3D scheme; (b) design scheme in SCAD; (c) basement floor plan, formwork of the monolithic raft foundation and pile field
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A numerical dynamic analysis of the building was performed based on the design load
combinations in accordance with [10]. In the first scenario, the stress-strain state of the building was
investigated under a combination of permanent, long-term, and short-term temporary wind loads,
without accounting for ground accelerations at the foundation level caused by rolling stock. In the
second scenario, the load combination on the building in two directions of wind load action was
supplemented with ground accelerations caused by rolling stock. In the calculation model of the
building, ground accelerations observed at a distance of 50 meters from the axis of the railway track
were applied at the foundation level.

A modal analysis of the spatial model of the building section was conducted using the subspace
iteration method. The dynamic calculation retained 10 natural vibration modes, which are presented in
Fig. 7.

Fig. 7. Vibrational modes of frame

The results of the modal analysis are presented in Table 1.

Table 1
Dynamic characteristics of the building's natural vibrations
Vibration Mode Vibration Frequency Vibration Period
1/s Hz s
1 1.845 0.294 3.403
2 1.957 0.312 3.208
3 3.571 0.569 1.759
4 8.773 1.397 0.716
5 9.147 1.456 0.687
6 10.942 1.742 0.574
7 13.706 2.182 0.458
8 15.404 2.453 0.408
9 15.942 2.539 0.394
10 17.338 2.761 0.362
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The study revealed that the influence of kinematic ground excitation caused by rolling stock was
evident in the changes observed in certain zones of the isofields of vertical displacements of the
monolithic foundation raft (Fig. 8). These changes led to a redistribution of loads on the piles and
resulted in an increase in the horizontal displacements of the building frame.
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Fig. 8. Vertical displacements of the monolithic raft foundation: (a) Isofields of displacements along Z, mm, with and without
soil vibrations and under the applied ground accelerations in the X direction of wind load; b) Isofields of displacements along Z,
mm, with and without soil vibrations and under the applied ground accelerations in the Y direction of wind load

Fig. 9 presents the isofields of horizontal displacements of the building frame in two directions
under the calculated loads, both without and with consideration of kinematic ground excitation caused
by rolling stock.
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Fig. 9. Horizontal displacements of the building frame: a) Isofields of displacements along X, mm, with and without soil
vibrations and under the applied ground accelerations; b) Isofields of displacements along Y, mm, with and without soil
vibrations and under the applied ground accelerations

Conclusion. The proposed numerical approach enabled the investigation of the dynamic impact of
rolling stock on vibration propagation in the soil, the determination of ground accelerations at various
distances and depths of the foundation, and the analysis of the dynamic behavior of a multi-storey
frame building under calculated loads, both with and without the influence of vibrations caused by
rolling stock. The study demonstrated that ground vibrations caused by rolling stock are noticeable at
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the building's foundation level, even at distances permitted by national construction standards. This
effect is also evident in the differences in the horizontal displacements of the analyzed building frame,
obtained from two dynamic problem scenarios: the total maximum displacement along the X-axis in
the first scenario (without ground vibrations) was 27.42 mm, while in the second scenario, it increased
to 35.66 mm. This represents a 30% increase in displacement, which is significant. Therefore, to
reduce the vibrational impact of rolling stock, new buildings should not be constructed closer than 50
meters from the axis of the railway track.
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Cmamms naodiiuna 20.03.2025

JIyk’anuenko O.0., Kosak A.A., Kocmin /].€.
AHAJII3 TUHAMIYHOI MOBEAIHKH BATATOIMOBEPXOBOI KAPKACHO{ BY/IIBJII B 30HI PYXY
3AJIIBHUYHOT'O TPAHCIIOPTY

JlocnipKeHo BIUIMB HABAaHTaKEHHS BiJl PyXOMOIO CKJIaay Ha 25-MOBEPXOBY MOHOJITHO-KapKacHy CEKLito 0(iCHOro HEHTPY
3 9-TOBEpXOBUM MApKIHIOM, 110 PO3TAlIOBaHA MOOIM3Y PyXy 3ali3HUYHUX MOTATIB Yy MichKiii 3a0ynoBi. 3acrocoBaHO
JIBOCTAITHUM YMCENbHMN MIJIXiJ 10 MAaTEMAaTUYHE MOJEIIOBAHHS JUHAMIYHOI NMOBEAIHKM 0araTornoBepXxoBUX OyniBenb HpH il
HaBaHTAXEHHs BiJ pyxomoro ckiany. Ha mepmomy erani chopMoBaHa CKIHYEHHOENEMEHTHAa MOAeNb 0anacToBoi HMpU3MH i
IPYHTY Y BHIUIJI IJIOCKOTO HPYXKHOIUIACTUYHOIO HamiBIpocTopy AoBxkuHOK 200 M i rimbunoro 60 M B mporpaMHOMY
kommuiekci NASTRAN. BanactoBa npusMa i IpyHT NpeACTaBiIeHA CYKYIHICTIO TUIOCKMX HNPSMOKYTHUX 1 TPUKYTHHX €JIEMEHTIB
i3 HicTbMa CTYNEHSIMH BUIBHOCTI Y By3Ji 3 BIANOBIAHMMHU (i3UKO-MEXaHIYHUMH XapaKTEepUCTHKaMH. MakCHUMaJbHUH PO3Mip
CKIHYCHHOTO TIIOCKOrO €IeMEHTa HMPHiiMaBCs i3 ypaxyBaHHSIM MiHIMaJIbHOI JOBXKHHH MONEPEYHOI Ta MOB3JOBXKHBOI XBHIb B
rpyHTi. Ha ropusoHTanbHi 1 BepTHKaibHI BY3JOBI IEpEeMIIlEHHs JIBOrO Ta IpPaBOro KpaiB Mojeni TPYHTY HAaKJIaJIEHO
00MEXEHHs, BCI BY3JIM HUDKHBOT'O KParo MOJIEJI TPYHTY JKOPCTKO 3akpinieHi. J{yns 3a0e3neueHHs KpailoBUX e(eKTiB BpaxoBaHa
cUMeTpis Mozeni TpyHTy. HaBaHTa)keHHS BiJl pyXOMOro CKJIaJy IOJAHO Yy BHUIVIAII BEPTHKAJIBHOIO MEPIOAMYHOrO 30y DKEHHS,
30CEPEKEHOr0 B LIEHTPI Mac CUCTEMH, 1110 CKJIaJajacs 3 paMu Bi3Ka, KOJIICHUX Iap BaroHy BaHTAXXHOTO MOI3/1a Ta 0anacToBoi
npu3MHu. J{oCiIpKeHO BIIMB HAaBAHTAXKEHHS BiJj PyXOMOro CKJIaJy Ha OCHOBY B HENiHIHMHIM CTaTW4YHIi MOCTaHOBLI METOLOM
Hsiorona-Padcona. MopanpHuii aHai3 OCHOBH i 0a71acTOBOT PU3MHU BUKOHAHO MeTozioM JlaHmomra. /IuHaMiyHa oBeIiHKa OCHOBH
JocipkeHa mMerooM Pynre-Kyrtn uerseproro mopsiaky. OTpuMaHi FOPU3OHTAIbHI 1 BEPTUKAIBHI IPUCKOPEHHS I'PYHTY Ha DI3HHX
BIJICTAaHHSX 1 IJIMOMHAX MOJEN OCHOBM BiI BiX oOCi 3ami3HM4HOi komii. Ha apyromy erami B mporpamHomy komriuiekci SCAD
cdopmoBana 3D mMoznenb OyiBii, sIKa NPECTaBICHA CYKYITHICTIO CTEP)KHEBUX 1 000JIOHKOBHUX CKIHUCHHHX EIEMEHTIB 3 LIicThbMa
CTYINEHSMH BUILHOCTI Y By3J1i. BukoHaHO MoziasibHMIT aHasi3 Oy/1iBii METOZIOM iTepatliii mirpocTopiB. 3a JOMOMOI 00 CIEKTPaIbHOTO
METOJy IOCII/DKEHO HamnpyxeHo-nedopmoBanuii cran OyaiBimi npu Aii po3paxyHKOBMX HABAaHTAXEHb Ta KiHEMaTHYHOTO
30ypeHHsI TPYHTY, HPHUKJIAJEHOr0 MO BHCOTI (yHIaMeHTy OYyAMHKY Yy BHUIJIALI BEKTOpPIB NpuckopeHb. [lepeBipeHi ymoBu
Ha/IMHOCTI 1 KOHCTPYKTHBHOI Oe3reku OyaiBii npu Aii KoMOIHaIl HABaHTaXEHb, 10 BKIIOYA€E BIUIMB BiOpaLii IPYHTY OCHOBH
BiJl pyXOMOTO CKJIajy.

KaroudoBi cioBa: nuHamika, METOJ| CKIHYEHHUX €JIEMEHTIB, PyXOMHH CKJaj, NMPUCKOPEHHS T'PyHTY, OaraTornoBepxoBa
KapkacHa OyIiBJis.
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Lukianchenko O.0., Kozak A.A., Kostin D.Ye.
ANALYSIS OF DYNAMIC BEHAVIOR OF A MULTI-STOREY FRAME BUILDING IN THE RAILWAY TRAFFIC
AREA

The impact of loading from rolling stock on a 25-storey monolithic-frame office building section with a 9-storey parking garage,
located near the movement of railway trains in an urban area, was investigated. A two-stage numerical approach was applied to
mathematically model the dynamic behavior of multi-storey buildings under loading from rolling stock. At the first stage, a finite
element model of the ballast prism and soil was developed in the form of a flat elastic-plastic half-space with a length of 200 m and a
depth of 60 m, created using the NASTRAN software package. The loading from the rolling stock was presented as a vertical
periodic excitation, concentrated at the center of mass of the system, comprising the bogie frame, wheelsets of a freight train wagon,
and the ballast prism. The impact of rolling stock load on the base was studied in a nonlinear static formulation using the Newton-
Raphson method. Modal analysis of the base and ballast prism was performed using the Lanczos method. The dynamic behavior of
the base was analyzed using the fourth-order Runge-Kutta method. Horizontal and vertical ground accelerations were obtained at
various distances and depths of the base model relative to the railway track axis. At the second stage, a 3D model of the building was
developed in the SCAD software package. Modal analysis of the structure was conducted using the subspace iteration method. The
stress-strain state of the building under the influence of calculated loads and kinematic ground excitation, applied along the height of
the building foundation as acceleration vectors, was investigated using the spectral method. The conditions for reliability and
structural safety of the building were verified under load combinations, including the influence of base ground vibrations caused by
rolling stock.

Keywords: dynamics, finite element method, rolling stock, ground acceleration, multi-story frame building.
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Jlyk’anuenko O.0., Kozax A.A. Kocmin [].€. AHani3 TMHaMi4HOI NMOBeAiHKM faraTonoBepxoBoi kKapkacHoi OyaiBJi B 30Hi
PYXy 3aJi3HHYHOr0 Tpancnopty // Onip Marepiaiis i Teopis cnopya: Hayk.-rex. 30ipH. — K.: KHYBA, 2025. — Bun. 114. - C.
127-134.

Hocniooiceno ennue naganmagicens gi0 pyxomozo ckiady Ha 25-noeepxosy MOHONMHO-KApKACHY cekyiio ogicnozo yenmpy 3 9-
NOBEPX0BUM NAPKIHZOM, WO POZMAUOBAHA NOOIUZY PYXY 3ANIZHUYHUX NOMAIE Y MICbKIU 3a0y006i. 3acmocoeano 0éoemantuil
yucenbHUll NIOXi0 00 MAMeMAmuyHo20 MOOENOBAHHA OUHAMIYHOT NnoeediHKu bazamonogepxosux Oydigens npu  Oil
HABAHMAdNCeHHs 8I0 pyxomoeo cknady. Ha nepwiomy emani docniosceno eniue 8iopayiil 8i0 pyxomoz2o cKiady Ha OCHOBY i3
3aCMOCy8aHHAM 00YUCTIOBANLHUX npoyedyp npocpamuoz2o komniekcy NASTRAN. Ompumani 2opusoHmanvi i 6epmuKanbHi
NPUCKOPEHHSL SPYHIMY HA PI3HUX 8IOCMAHHAX | 2TUOUHAX MOOeni 0cHO8U 60 oci 3aniznuunoi konii. Ha opyeomy emani 6 npozpamnomy
komnaexci SCAD cpopmosana 3D modenv 6ydieni ma docniodiceHo it HanpysceHo-0eopmosanull cman npu Oii po3paxyHKOBUx
HABAHMAdCEHb MA KIHEMAMUYHO20 30YPeHHs TPYHMY, NPUKIA0eH020 NO 6UcComi QyHOameHmy OVYOUHKY V 6uisaodi 6eKmopie
npucKopemb.

Tab6um. 1. In. 9. Bibaiorp. 12 Ha3s.
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Lukianchenko O.0., Kozak A.A., Kostin D.Ye. Analysis of dynamic behavior of a multi-storey frame building in the railway
traffic area // Strength of Materials and Theory of Structures. —2025. — Issue. 114. — P. 127-134.

The impact of loads from rolling stock on a 25-storey monolithic-frame office building section with a 9-storey parking garage,
located near the movement of railway trains in an urban environment, was investigated. A two-stage numerical approach was
applied to mathematically model the dynamic behavior of multi-storey buildings under rolling stock loads.

In the first stage, the effect of vibrations from rolling stock on the foundation was studied using computational procedures in the
NASTRAN sofiware package. Horizontal and vertical ground accelerations at various distances and depths of the foundation
model from the railway track axis were obtained. In the second stage, a 3D model of the building was created in the SCAD
software package, and its stress-strain state was analyzed under calculated loads and kinematic ground excitation. The ground
excitation was applied along the height of the building’s foundation as acceleration vectors.

Tab. 1. Fig. 9. Ref. 12.
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