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Abstract. The influence of rolling stock loading
on a twenty-three-story frame building located near
the movement of railway trains in an urban area was
investigated. Mathematical modeling of the
dynamic behavior of multi-story buildings
subjected to rolling stock loading was performed
using a two-stage numerical method.

In the first stage, a finite element model of the
multilayer soil foundation along with the ballast
prism was created in the NASTRAN software
complex, represented as a planar elastoplastic half-
space with a length of 200 m and a depth of 30 m.
A real geological cross-section consisting of five
layers with different physical characteristics was
used. The rolling stock load is represented as a
vertical periodic excitation, concentrated at the
center of mass of the system consisting of the bogie
frame, the wheelsets of a freight wagon, and the
ballast prism.

Modal analysis of the soil foundation and the
ballast prism was performed using the Lanczos
method. The influence of rolling stock loading on
the dynamic behavior of the soil foundation was
investigated using the fourth-order Runge-Kutta
method. Horizontal and vertical displacements and
accelerations of the soil were obtained at various
distances and depths of the foundation model from
the railway track axis.

In the second stage, a 3D model of the
monolithic frame building was created in the SCAD
software complex. Modal analysis of the structure
was performed using the subspace iteration method.
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Two calculation options for the multi-story building
were considered.

The first calculation was performed for the
action of design load combinations: permanent,
sustained, and short-term (snow, wind load). In the
second calculation option, the stress-strain state of
the building was investigated using the spectral
method under the action of design loads and
kinematic soil excitation, applied along the height
of the building's foundation in the form of
acceleration vectors. The accelerations were
considered in two directions and added to the design
combinations along the two directions of wind load
influence.

A comparison of the two calculation options was
performed to check the reliability and structural
safety of the building.
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PROBLEM STATEMENT

Rolling stock serves as a source of ground
vibrations that affect buildings adjacent to
railway corridors. These vibrations can cause
uneven settlement of foundations and
additional stress in structural elements of
buildings, potentially leading to defects or even
structural failures.

For buildings and structures erected in the
train traffic zone, there is a need to evaluate the
stress-strain state of the structures under the
action of ground accelerations caused by rolling
stock loading. To obtain reliable results for the
analysis of the stress-strain state of structures, it
is necessary to select a soil foundation model
that closely approximates the real soil
environment. In practice, the model of a
linearly deformable layer of finite width is the
most common, as it only requires specifying the
deformation characteristics of the soil - the
modulus of deformation E and Poisson's ratio v.

The dynamics of rolling stock are
determined by the complex interaction of
contact forces, geometric parameters, spring
suspension systems, vehicle mass, and damping
coefficients [1]. Even when moving on a
straight track at low speeds, problems
associated with hunting oscillations arise. At
higher speeds, significant vertical oscillations
and forced lateral oscillations of the wheelset
system occur. The dynamic interaction between
the train and the railway track changes
depending on the nature of the track bed
section, wheel and rail irregularities, operating
conditions, as well as climatic conditions.
Rolling stock loads on railway tracks and the
stress-strain state parameters of the track
superstructure were in many cases determined
using the generally accepted methods of V.V.
Bolotin, S.P. Timoshenko, B.G. Korenev, and
I.M. Rabinovich.

This work is devoted to the investigation of
the influence of rolling stock loads on a high-
rise building located in the train traffic zone. A
numerical method was developed that allowed
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determining the foundation soil accelerations
caused by the periodic rolling stock load and,
considering these accelerations, analyzing the
dynamic behavior of a multi-story monolithic
frame Dbuilding located near the train
movement.

ANALYSIS OF PREVIOUS RESEARCH

The soil foundation significantly affects the
natural frequencies and mode shapes of the
building. Ignoring soil properties during the
interaction between the foundation and the
building can lead to significant errors. This
class of problems requires an additional
analysis of the soil medium to create correct
foundation models and develop effective
calculation methods oriented towards the use of
powerful computing complexes [2 - 4].

Many publications by domestic and foreign
scientists, including [5 — 7], are devoted to the
analysis of dynamic loads on buildings,
particularly  seismic loads, and wave
propagation in elastic media. Works [8, 9] are
dedicated to recommendations for creating
design schemes for building structures.

In studies [10 — 12], the influence on
buildings of ground vibrations from the
movement of underground trains was
investigated. And in a relatively small number
of works, methods and models for calculating
structures subjected to ground vibrations
caused by the movement of surface trains are
presented [13 — 16].

In previous publications [17 — 20,25], the
authors of this article considered various
problems and proposed a methodology for
analyzing the influence of ground vibrations on
a building using a single-layer soil foundation
model. This work demonstrates the calculation
results using a multilayer model.

MAIN RESEARCH

In the article, an analysis of the dynamic
behavior of a high-rise building under rolling
stock loading acting on a multilayer soil
foundation was performed. The maximum
vertical and horizontal displacements and
accelerations of the soil at the boundaries of
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individual layers of the model were determined.
The obtained accelerations were applied to the
foundation of the multi-story building. The
influence of soil accelerations on the building,
located near the train movement, more
precisely: at a distance of 60 m, was evaluated.

1. Finite-element modeling of single-layer
and multilayer soil foundations

Figure 1 shows the multilayer soil
foundation model. The single-layer foundation
has already been described in the authors'

previous works. The properties of the ballast
prism and the parameters of the rolling stock,
whose influence on the frame building was
investigated in previous publications [17-19],
are also given there.

The multilayer foundation was modeled in
the NASTRAN software complex [20] based
on a real geological cross-section that has a
depth of 30 m and consists of five soil layers.
The physical characteristics of all soils layer by
layer are given in Table 1.

Fig. 1. Finite element model of the multilayer soil foundation
Puc. 1 CkiHueHHO-€eTIeMEHTHA MOJIEeIh 0araTomapoBoi IPyHTOBOI OCHOBH

Table 1. Physical properties of the soils in the multilayer foundation model
Ta6a. 1 @izngni BIACTHBOCTI IPYHTIB y OaraTromapoBiid Mojeni (GyHIaMeHTy

Layer | Density, Porosity Ar_1g|_e of Adh_es_ion Modulus of Liquidity .59".
. 3 . friction, | coefficient, deforma- . resistivity,
of soil | g/sm* | coefficient degrees KPa tion, MPa index KPa
1 1.64 0.61 28.2 0.7 17.3 - 300
2 1.95 0.61 30.9 0.7 28.1 - 200
3 1.82 0.85 14.8 15.3 6.7 0.69 120
4 1.86 0.9 16.5 22.0 12,5 0.34 215
5 1.94 0.9 18.3 28.7 18.5 0.18 220

The rolling stock load is represented as a
vertical periodic excitation, concentrated at the
center of mass of the system, which consists of
the bogie frame, the wheelsets of a freight
wagon, and the ballast prism. Fig. 2 shows the
horizontal and vertical displace
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ments of the nodes of the multilayer soil model
at different distances from the railway tracks to
the building. Figure 3 demonstrates the
horizontal and vertical accelerations at
distances of 30, 60, and 95 meters.
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Fig. 2. Displacements of model nodes at distances of 30, 60, and 95 m from the building:
a), b), ¢) horizontal displacements; d), e), f) vertical displacements.

Puc. 2. Ilepemimenns By3iiB Mojeni Ha Bifctani 30, 60 195 m Big Oynisi:
a), 6), 8) TOPU3OHTAILHI EPEMIIIEHHS; 2), 0), €) BEPTHKAIbHI IEPEMIIICHHS.

Fig. 3 Accelerations of model nodes at distances of 30, 60, and 95 m from the building:
a), b), ) horizontal accelerations; d), e), f) vertical accelerations.

Puc. 3 ITlpuckopenns By3iiB Mojeni Ha Biacrani 30, 60 i 95 M Big Oynisi:
0a), 6), 6) TOPU30HTAJIBHI TIPUCKOPEHHS; 2), 0), €) BEPTHKAIbHI IIPHUCKOPEHHS.
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Table 2. Maximum soil characteristics at distances of 30, 60, and 95 m from the building
Tabxa. 2 MakcuManbHI XapaKTepUCTHKHU IpyHTY Ha Bigcransax 30, 60 i 95 m Bix OymaiBii

Distance / Total Disp., | Horiz. Disp., Vert. Total Accel., Horiz. Vert. Accel.,
Depth, m m m Disp., m m/s? Accel., m/s? m/s?
30m/0m - - 0,0008 - - 0,0235
30m/18,5m 0,0034 0,0034 - 0,0973 0,0949 -
60M/0m - - 0,0011 - - 0,0346
60M/85M 0,0018 0,0016 - 0,0503 0,0428 -
95 Mm/0Mm 0,0009 0,0003 0,0007 0,0217 0,0082 0,0206

2. Modal analysis of the soil foundation

The dynamic calculation of the soil
foundation was performed for the action of a
vertical periodic load from the movement of a
wagon with a load of 230.0 kN; the natural
oscillation frequency of the wagon is 6.046 s,
Modal analysis was carried out using the
Lanczos method, retaining 10 mode shapes. In
the article [17], the authors described in detail

Mode 1, natural frequency 0,240455 Hz

Mode 2, natural frequency 0,469143 Hz

Mode 3, natural frequency 0,650031 Hz

e Ywle e &

Mode 4, natural frequency 0,752921 Hz

the modal analysis of the single-layer soil
foundation model.

This work is devoted to the analysis of the
influence of the multilayered nature of the soil.
Therefore, modal analysis of the multilayer soil
foundation was performed, retaining 10 mode
shapes. The mode shapes and natural
frequencies of oscillations are presented in Fig.

I LA A

Mode 6, natural frequency 0,83439 Hz

el 0

Mode 7, natural frequency 0,847552 Hz

A I

Mode 8, natural frequency 0,888606 Hz

Mode 9, natural frequency 0,897682 Hz

- e VY Y VY

Mode 5, natural frequency 0,832216 Hz

Mode 10, natural frequency 0,922936 Hz

Fig. 4. Mode shapes and natural frequencies of the multilayer soil foundation
Puc. 4. ®opmu 1 yacTOTH BIaCHUX KOJIMBaHb 0araTromapoBoi [PYHTOBOI OCHOBH

For comparison, we present the natural
frequencies of the single-layer soil foundation
[17]: v = [0.237372; 0.460532; 0.629739;
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0.724444,0.804174; 0.82192; 0.8382; 0.88234;
0.892783; 0.894094] Hz.

Compared to the single-layer foundation, the
natural oscillation frequencies of the multilayer
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foundation have values 2 - 3% higher, and the
mode shapes demonstrate the influence of the
multilayered nature.

3. Finite element model of the frame
building

A frame multi-story building was
investigated, whose finite element model was
created using the SCAD office computing
complex [21] and is presented in Fig. 5.

Fig. 5. 3D scheme of the building

Puc. 5. 3D cxema OynuHKy

The twenty-three-story building has the
following technical characteristics: monolithic
reinforced concrete frame, total height 71.9 m,

ISSN 2522-4182

plan dimensions — 24.0 x 21.3 m. A monolithic
reinforced concrete raft on a pile foundation
with bored piles was adopted as the foundation.
The floors and roof are monolithic reinforced
concrete flat slabs (beam-free). The wall
material is inter-frame infill made of brick and
aerated concrete blocks. The height of a typical
floor is 3.3 m. The structural system of the
building is a moment-resisting frame with
bracing  (frame-braced  system).  Two
calculation options were considered: the first
was performed for the action of design load
combinations, and in the second option, the
stress-strain  state of the building was
additionally investigated using the spectral
method under kinematic soil excitation, applied
along the height of the building's foundation in
the form of acceleration vectors. The
accelerations were considered in two directions
and added to the design combinations along the
two directions of wind load influence.

4. Dynamic behavior of the frame building
from rolling stock action

The dynamic calculation of the building
was performed for the action of soil
accelerations, assuming that the rolling stock
is located at a distance of 60 m. In this case,
10 mode shapes of the building's natural
oscillations were retained. The frequencies
and periods of oscillations are summarized in
Table 3. Figure 6 shows the total horizontal
displacements of the frame in two directions,
both without and with consideration of the
rolling stock influence.

Table 3. Dynamic characteristics of the building's natural oscillations
Ta6a. 3 JlunamiuHi XapakTEpUCTUKU BIACHUX KOJIMBaHb OyIiBIi

DopMa KoMBaHD YacroTa KOJTUBaHb [Tepion KOMBaHb
Mode Shape Frequency Period
I'n/Hz c/s
1 0.2723 3.6724
2 0.3133 3.1920
3 0.6662 1.5010
4 1.3782 0.7256
5 1.9380 0.5160
6 2.2416 0.4461
7 2.2655 0.4414
8 2.5773 0.3888
9 2.6961 0.3709
10 3.0694 0.3258
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047 443 1914 2404 2543 2177 108 715 034 612 [l2551 3198 3563 -30.53 1525 -10.15
443 934 2404 2895 2177 1812 715 -349 612 1250 (3198 3844 3053 2544 -10.15 -5.06
934 1424 2805 3385 1812 1446 349 0.16 1259 19.05 3844 449 2544 2034 -5.06 0.04
14.24 1914 1446 -10.8 1905 2551 -20.34 1525

a) b) c) d)

Fig. 6 Horizontal displacements of the building frame considering rolling stock influence:
a) in the X-axis direction; b) in the Y-axis direction.
Puc. 6 'opusoHTanbHI NepeMillleHHs KapKacy OyZiBIli 3 ypaxyBaHHAM BIUIMBY PyXOMOTI'O CKIIay:

C) y HanpsAMKy oci X; d) y HanpsmKy oci Y.

In the direction of the X-axis, the
maximum displacement for the combination
of permanent, sustained, and short-term loads
is 33.85 mm. Upon adding the dynamic load
to the combination along this axis, the
maximum displacement is 44.9 mm.
Similarly, an increase in horizontal
displacements is observed in the direction of
the Y-axis. The maximum displacement for
the first combination is -25.43 mm. For the
second  combination, the  maximum
displacement is -35.63 mm.
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CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

1. A numerical method has been developed
that allows assessing the influence of
rolling stock loads on a frame building
constructed in the railway track area.

2. Dynamic calculation of the multilayer
soil  foundation was performed.
Horizontal and vertical soil
accelerations were obtained at three
different distances from the building.

3. The accelerations were applied to the
foundation of the multi-story frame
building. Two calculation options for
the building frame were performed:
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static, for the action of design load
combinations, and dynamic, for the
action of load combinations considering
soil accelerations.

4. Comparative analysis demonstrated an
increase in total horizontal
displacements along the X-axis by 30
percent, and in the Y-axis direction by
40 percent.

At the same time, the total horizontal
displacement of the frame does not exceed
0.001, which is within the permissible
displacements according to building codes.
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AHAJII3 TUHAMIYHOI
HNOBEJIIHKH KAPKACHOI BY IIBJII
3 YPAXYBAHHAM
BATATOIIAPOBOCTI IPYHTY
OCHOBHA

Onvea JIVK IHYEHKO
Jlenuc KOCTIH

AHoTanis. JlocaigKeHO BIUIMB HaBaHTAXKEHHS
BiJl PYXOMOrOo CKJaqy Ha JBaAlsSTUTPHOX-
MOBEPXOBY KapKacHy OyaiBIIO, IO pO3TAlIOBaHA
no0NM3y pyxy 3ali3HHUYHUX TOTSTIB Y MiChKii
3a0ynoBi. MareMaTHuHe MOJCIIOBAHHS THHAMIY-
HOI MOBEiHKK 0araTornoBepXxoBUX OyAiBeb MPH Aii
HAaBaHTAKEHHS BiJl PyXOMOTO CKJIaay BUKOHAHO 32
JIOTIOMOT'O0 YHCENILHOI METOJTUKH, IO CKIAIa€ThCsI
3 IBOX E€TAlliB.

Ha nepmomy erami y mporpaMHOMY KOMIDIEKCI
NASTRAN cdopmoBaHa CKiHUCHHO-EJIEMEHTHA
MOJIeIb 0araToImapoBoi IPyHTOBOT OCHOBH Pa3oM i3
0anacToBOI0 MPH3MOI Y BUTJSIII  IJIOCKOTO
NPY>KHOTUTACTHYHOTO HAMiBIPOCTOPY JOBXKHUHOIO
200 M i rmubuHO0 30 M. [Ipn IboMy BHKOpHCTaHUI
peaTbHUM Te0NOTIYHUI PO3pi3, YTBOPEHUH 3 1T’ ATH
mapiB 3 pi3sHUMHU (DI3UYHUMHU XapaKTEPUCTUKAMH.
HaBanTaxeHHs BiI PyXOMOIO CKJIaxy IOJAHO Y
BUTJISIJII BEPTHKAIBLHOTO TEPIOMYHOTO 30YpeHHH,
30CEpEMKEHOr0 B LEHTPI Mac CHCTEMH, IO
CKIIAZA€ThCSI 3 PaMM Bi3Ka, KOJICHUX Tap BaroHy
BaHTa)XHOTO MOTATY Ta 0aJIacTOBOT IPU3MHU.

MopnanpHuii  aHami3 TPYHTOBOi OCHOBH 1
0anacToBoi MPU3MU BUKOHAHO MeTonoM JlaHmoma.
JocnipkeHo BIUIMB HABAHTAXXCHHS BiJl PyXOMOTO
CKJIa[ly Ha IWHAMIYHY TIOBE[iHKY IPYHTOBOT OCHOBH
MeTronoM  Pynre-Kyrty  4derBeproro  mHoOpsKy.
Buznaueni TOPH3OHTAJIBHI i BEPTUKAJIBHI
TIEPEMIITICHHS Ta TIPHCKOPESHHS TPYHTY Ha Pi3HUX
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BIACTAHHAX 1 I[IMOMHAX MOJIENI OCHOBH BiJ OCi
3aITi3HIYHOI Kouil. Ha gpyromy erami y mporpaMHOMY
komruiekci  SCAD  crBopena 3D mopens
MOHOJITHOI KapkacHoi OyxiBii. MoganpHuii aHawi3
CTOpYH BHKOHAHO METOZIOM iTepaliiii miInpocTopiB.
PosrnstHyTO IBa BapiaHTH PO3paxyHKy
OaratorioBepxoBoi OyxiBmi. Ilepmmii po3paxyHOK
BUKOHAaHMH Ha Jif0 PO3PaXyHKOBHX CIOJYy4YCHb
HABAaHT&KEHB: MOCTIMHUX, TPHBAINX, KOPOTKOYACHHX
(cHiroBe, BITpOBE HAaBaHTAKEHHS).

VY npyromy BapiaHTi po3paxyHKy 3a JOIIOMOTOO
CIIEKTPAILHOTO METOJY IOCIIDKEHO HarpysKeHO-

nepopmoBanuii  craH  OymiBmi  Opu Aii
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PO3paxyHKOBUX HaBaHTKEHb Ta KiHEMAaTUYHOTO
30ypeHHS TIpPYHTY, TPHUKIAIECHOTO TII0 BHCOTI
¢yHgamMeHnTy OyAMHKY y BUIJBSIII  BEKTOPIB
npuckopesb. [IpuckopeHHs BpaxoBaHi y JABOX
HanpsIMKax i JOJaHi y pO3paxyHKOBi CIIOIyYeHHs
0 ABOX HAINpsIMKax BITPOBOTO BILIUBY.

Bukonano  TOpiBHSHHS  JBOX  BapiaHTiB
pO3paxyHKy JUIsl  TNEPEeBIpKM  HAAIMHOCTI 1
KOHCTPYKTHBHO1 O€31eKu OyIiBITi.

Keywords: guHamika; MeTOJ CKIHYEHHHX
eleMeHTIB; OararomoBepxoBa KapKacHa OyIiBI;
OaraTolapoBa MOJIENb IPYHTY; MOJAJbHUI aHAITi3;
3MyIIeHI KOJIMBaHHS.
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