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Abstract. As part of the study, eight numerical experiments were conducted to simulate the movement of rolling stock
across a span structure. To assess the influence of the elastic and inertial properties of the span structure on the safety of train
operation, a series of calculations was performed for movement along an embankment, where both the track alignment and
profile were assumed to be straight. However, rail irregularities and worn wheel profiles were considered, just as in the calcu-
lations for movement over the span structure. To reflect the fact that in actual operation wheel profiles undergo wear over time,
all simulations were carried out using worn wheel profiles. This method essentially reduces the approximation of a continuous
medium with an infinite number of degrees of freedom to a set of subdomains (or elements) with a finite number of degrees of
freedom. For each element, shape functions are defined that allow for the determination of the displacement field within the
element based on the displacements at the nodes, i.e., at the junctions of the finite elements (FE).
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1. Introduction

During the design process of any structure, the engineer
must evaluate its stress-strain state. This requires understand-
ing the distribution of stresses across all elements of the
designed structure, as well as determining the displacements
of key points under both static loading and time-varying
loads. Today, the design and analysis of bridge structures are
impossible without the use of modern computer technolo-
gies. Finite Element Method (FEM) software packages tai-
lored for bridge design are widely employed. These tools
enable the creation of computational finite element models of
structures with minimal labor costs. They include specialized
features necessary for bridge calculations, such as influence
line construction for moving loads, node connection model-
ing, local stability checks, thermal stress analysis of supports,
and more [11].

Traditionally, solving such problems requires determin-
ing a system of equations that satisfies both equilibrium
conditions and compatibility of deformations. A key chal-
lenge arises when dealing with complex two- or three-
dimensional structures: the system behavior is described by
high-order equations with a large number of unknowns. One
way to address this challenge is to use approximate solution
methods. At present, the most effective approximation meth-
od for solving applied mechanics problems is the Finite Ele-
ment Method (FEM) [17].

Essentially, FEM reduces the approximation of a contin-
uous medium with an infinite number of degrees of freedom
to a collection of subdomains (or elements) with a finite
number of degrees of freedom. For each element, shape func-
tions are defined to determine the displacement field within
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the element based on the displacements at its nodes—that is,
at the junctions of finite elements (FES).

Interaction between FEs occurs only through their nodes.
External loads applied to an element—such as concentrated
or distributed forces and moments—are translated to the
nodes and are referred to as nodal loads. In FEM calcula-
tions, the nodal displacements are determined first. Internal
forces within the element are proportional to these nodal
displacements. The proportionality factor is a stiffness ma-
trix, which is square in form and has a number of rows equal
to the number of the element’s degrees of freedom. All other
element parameters, such as stresses and displacement fields,
are computed based on the nodal displacements.

The main types of finite elements used in practice are:

* Beam (or bar) elements;

« Shell/plate elements;

« Solid (volume) elements.

A wide range of structural models and components can
be described using different types of FEs or their combina-
tions. However, this approach is not applicable to geometri-
cally unstable structures that may transform into mechanisms
during deformation.

1.1. Analysis of Existing CAD Systems Used in the Design
of Metal Structures

Currently, the design and analysis of bridge structures are
impossible without the use of modern computer technolo-
gies. These technologies are implemented through FEM-
based software packages tailored for the analysis of bridge
structures, such as LUSAS (UK), GTSTRUDL (USA),
MIDAS/CIVIL (Korea), RM BRIDGE (Austria), SOFISTIK,
MICROFE (Germany), SCAD Soft (Russia), LIRA
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(Ukraine), ANSYS, NASTRAN, Cosmos-M, SolidWorks
(USA), among others. These tools enable the creation of
finite element models of structures with minimal labor input.
They include essential features specific to bridge design,
such as influence line generation for moving load analysis,
node connection modeling, local stability checks, and stress-
strain state analysis of supports, among others [24].

Experience using MIDAS/CIVIL in bridge structure
analysis has repeatedly demonstrated that serious calculation
and design errors can occur, particularly when working with
complex bridge structures. Therefore, the results obtained
using this software must be carefully analyzed and verified.

The RM BRIDGE software package specializes in dy-
namic analysis of bridge structures. Particularly valuable are
its developments in the field of aerodynamic analysis of
cable-stayed bridges, implemented as separate advanced
modules. RM BRIDGE enables end-to-end parameterization
of finite element models, allowing models to be rebuilt in a
short time. It also accounts for rebar and pre-stressed rein-
forcement in concrete structures. The software integrates
design codes, allowing for checks of strength, stability, crack
resistance, and durability.

The most labor-intensive part of the structural analysis
process is the creation of finite element models. When calcu-
lations need to be performed on the same structure using
different software packages, the model must be recreated
multiple times, significantly increasing workload. In such
cases, special tools for automatic conversion of source data
between software systems are essential. However, bridge-
oriented programs usually lack built-in data conversion mod-
ules. As a result, bridge engineers often need to develop such
tools independently, for example, to convert models from
GTSTRUDL to MIDAS/CIVIL or from MIDAS/CIVIL to
SCAD. These converters help prevent errors when creating
analysis models. Thus, model conversion tools are a neces-
sary part of the software suite used for analyzing bridge
structure elements.

In this work, the use of the aforementioned software
packages is primarily aimed at investigating lateral vibra-
tions, their causes, and the factors influencing the interaction
between rolling stock and the span structure.

Using mathematical modeling methods, the loss of stabil-
ity in the motion («hunting oscillation») of empty freight
wagons on model 18-100 bogies was studied [3, 4, 5]. The
influence of wheel profile wear on the critical speed at which
the hunting motion begins was determined. This zigzag mo-
tion leads to periodic lateral impacts of wheels against the
rails [6], which is a key factor in exciting lateral vibrations of
the span structure during interaction with rolling stock. Nu-
merical modeling revealed a resonant mode of lateral hori-
zontal vibrations in the span structure at the maximum per-
missible freight train speed of 90 km/h, caused by the coinci-
dence of the span’s natural lateral frequency with the fre-
quency of the wagon’s hunting motion.

To assess the effect of the elastic and inertial (dynamic)
properties of the span structure on the safety of wagon
movement, additional simulations were performed where the
span structure was not modeled, and the train moved solely
along the railway embankment. By comparing the dynamic
behavior of wagons in both scenarios, conclusions were
drawn about the influence of the span structure under specif-
ic operating conditions—namely, deviations of rail geometry
from the ideal, wheel profile wear, and train speed.
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Analysis of the forces arising in the wheel-rail contact
made it possible to determine safe speed limits for the
movement of empty freight wagons under the given track
conditions, wheel wear, and in the absence of wind.

Additionally, with access to early 20th-century experi-
mental data [7] on the interaction between rolling stock and
simply supported girder spans of railway bridges, it became
possible to compare the magnitudes of lateral vibrations in
historical and modern span structures, considering all chang-
es in railway infrastructure. This comparison highlighted key
factors influencing lateral vibrations of span structures dur-
ing train interaction, both in the early 20th century and today.

2. Materials and methods

Currently, to achieve the highest accuracy and the most
comprehensive understanding of the phenomena occurring
during the interaction between train loads and the bridge
span structure, it is advisable to use specialized software
packages—for example, the RM BRIDGE software suite,
which enables dynamic modeling of the «span structure —
track — rolling stock» system. Safety analysis of train move-
ment becomes explicitly possible based on the results of
solving the wheel-rail contact problem for each wheel of the
rolling stock at every integration step. Let us consider the
process of mathematical modeling of the interaction between
a steel bridge span structure and rolling stock.

Span Structure

A three-dimensional finite element model was created for
the span structure. In this model, the transverse and longitu-
dinal girders of the top chord were represented using plate
elements, while the remaining structural components were
modeled using beam elements (Figure 1).

Figure 1. Finite element model of the span structure

The elastic displacements of the span structure were de-
termined using the Craig—Bampton method. This method
allows the nodal displacements of the finite element model of
the span structure to be expressed through the elastic mode
shapes of the structure:

Hq

@)

where: u - is the nodal displacement vector of size N x 1;
N - is the number of degrees of freedom in the finite element
model; H - is the modal matrix of size N x k, whose columns
contain the transformed eigenmodes and static modes; k - is
the total number of modes used; g - is the modal coordinate
vector of size k % 1.

The main advantage of representing structural displace-
ments in a basis of elastic modes, as opposed to direct inte-
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gration of the full finite element model, is the significant
reduction in the number of unknowns from N to k. For ex-
ample, the current model includes 8,585 nodes, which corre-
sponds to a total of 8,585 x 6 = 51,510 degrees of freedom
(unknowns). After applying kinematic boundary conditions,
this number is reduced to 51,503 unknowns. To build the
dynamic model of the span structure, 168 transformed vibra-
tion modes and 24 static modes were used. The resulting
system contains 192 modal coordinates as unknowns, which
are determined by integrating the equations of motion of the
«span structure — track — rolling stock» system. Thus, the
number of unknowns was reduced by two orders of magni-
tude.

To account for structural damping in the system, a damp-
ing ratio of { = 0.5% was assigned to each modal coordinate.
This corresponds to a logarithmic decrement of 6 = 0.03, as
specified in the standards [8] for bridges with high-strength
bolted connections.

Track Superstructure

The track superstructure on the bridge was modeled as a
ballastless bridge deck (BBT). For modeling the reinforced
concrete BBT slabs, beam elements were used. For the rails
and rail fasteners, Timoshenko beam elements were applied.
Unlike the Bernoulli beam model, the Timoshenko beam
model accounts not only for bending deformations but also
for shear deformations, which may be significant in this case.
A system of springs and dampers was used to simulate the
rail fastenings.

The finite element model of the rail in Universal Mecha-
nism software approximates a system of six partial differen-
tial equations [9]. To illustrate the modeling concept of the
track structure, Figure 2 presents the track model on the
railway embankment.

MOJTEST: KOHTAKTA C BHPTYATBHBIM

Figure 2. Diagram of the mechanical interaction between the
wheelset and the track

Rolling Stock
In this study, the rolling stock is modeled as a train con-
sisting of 23 empty open freight wagons (Figure 3).

Figure 3. Model of the rolling stock

In this study, a double locomotive is not included in the
simulation, as its influence on the lateral vibrations of the
span structure can be neglected. This is supported by previ-
ous research [10], which showed that the motion of locomo-
tives and loaded freight wagons is significantly more stable.
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Each bogie (running gear) is modeled as a system of rigid
bodies connected by elastic and dissipative elements. Figure
4 presents the first two natural modes and corresponding
frequencies of an empty open freight wagon.

Figure 4. Forms of wagon oscillations: upper lateral roll — on
the left, bouncing — on the right

Table 1. Natural frequencies of oscillations of an empty gon-
dola car

Ne .. Mode Frequency, Hz
1 Upper lateral sway 242
2 Bouncing 4.89

Solution of equations of motion

In general, the system of equations of motion of the sys-
tem «span structure - track - rolling stock» is presented in the
form (2):

M(q.t)j+k(q.q)=0Olg.q)+ Glq)™ @

To integrate this system of equations, the implicit Park
method is used, which is capable of solving stiff differential
equations [11]. The implicit integration scheme leads to
solving a system of nonlinear algebraic equations at each
time step, which is handled using the Newton—Raphson itera-
tive method [12].

Influencing Factors on System Behavior

The following factors were considered in the study:

* Train speed,;

» Wheel profile wear;

* Track irregularities;

« Elastic and inertial characteristics of the span structure.

The simulations were conducted across a speed range of
40 to 120 km/h, in increments of 10 km/h.

To account for the real-world effect of wheel profile wear
over time during wagon operation, all simulations were per-
formed using worn wheel profiles. The worn profile was
obtained through numerical experiments using the problem-
oriented UM Wheel/Rail Wear module. The term «moderate-
ly worny indicates a wear state corresponding to a running
distance of 100,000 kilometers, which is approximately half
the distance to scheduled wheel re-profiling.

The calculation methodology considers statistical opera-
tional factors that influence wheel wear, including track
macrogeometry (distribution of straight and curved sections),
train speed, loading, and other parameters. The worn profiles
used in this study were generated using the Archard wear
model [13], based on the hypothesis of a linear relationship
between the volume of wear and the work done by frictional
forces.

Figure 5 shows the new and worn wheel profiles used in
the simulations.
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Figure 5. New profile — red, worn profile — black

At the same time, the track superstructure exhibits both
vertical and horizontal deviations from standard geometric
parameters. To account for this factor, track irregularities
were included in the numerical experiments (Figure 6).

Righ rail

Figure 6. Track irregularities

The track irregularities were generated based on power
spectral densities and correspond to a good track condition in
accordance with UIC standards [14] (International Union of
Railways). The applied empirical formulas are provided in
[15, 16].

3. Results and discussion

As part of the study, eight numerical experiments were
conducted to simulate the movement of rolling stock over the
bridge span structure. To assess the impact of the elastic and
inertial properties of the span structure on train running safe-
ty, a series of calculations was also performed for train
movement along the railway embankment, where the track
alignment and profile were assumed to be straight. However,
rail irregularities and wheel profile wear were considered,
just as in the simulations involving the span structure.

Figure 14 shows the dependence of the amplitude of lat-
eral vibrations of the span structure on the train speed.

2
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Figure 14. Dependence of the amplitude of transverse vibra-
tions in the middle of the span on the speed of the train
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Comparison of Experimental Data from Table 3 on Span
Structure Vibrations in the Early 20th Century with the Re-
sults of Modern Structure Simulations Leads to the Follow-
ing Conclusions:

* Under modern operating conditions and at speed re-
gimes similar to those in Table 3, the impact of rolling stock
on the span structure is significantly lower. For example, in a
simulation at 60 km/h, the amplitude of lateral vibrations was
1 mm, whereas the experimental data from the early 20th
century shows amplitudes of 9 mm for span vibrations
caused by steam locomotives. The much larger vibration
amplitudes observed during early 20th-century tests can be
attributed to the design features of steam locomotives, such
as oscillations induced by the eccentric drive mechanisms of
the wheels [20]. Analysis of the critical speeds of modern
locomotives and results from previous studies of a special-
span structure with two 176 m spans [10] also confirm their
significantly lower dynamic impact on the span structure
compared to steam locomotives.

* However, with increased train speeds, a new issue has
emerged—instability in the motion of empty wagon bogies,
known as hunting oscillation. According to the simulations,
this factor now primarily determines the critical operating
speeds and the maximum dynamic interaction between the
rolling stock and the span structure. In the resonance mode,
the lateral vibration amplitudes can reach 11 mm, which
exceeds the dynamic impact observed with steam locomo-
tives.

4. Conclusions

The results obtained in this and previous studies [1], [2]
demonstrate that, with the current level of advancement in
computational technologies and numerical methods, it is now
possible to solve highly complex problems that were previ-
ously addressed only through full-scale physical experi-
ments. Numerical methods make it feasible to simulate phe-
nomena for which the development of analytical models and
their general solutions is extremely difficult or impossible.

It is essential to conduct a comprehensive numerical
study of a typical railway bridge span with a length of L =55
meters, featuring top-running track, considering the wide
range of factors that affect the safety of rolling stock move-
ment, including wind loads, which were previously excluded
for the sake of simplification and factor differentiation.

Key directions for further research include:

+ Solving the combined-effect problem, incorporating
multiple factors such as rail irregularities, wheel wear, wind
loads, etc., and establishing acceptable limits for these fac-
tors within a numerical methodology for railway bridge traf-
fic safety assessment;

» Applying the developed methodology to analyze a
broad range of bridge span types;

« Reevaluating existing approaches to defining and regu-
lating vertical and horizontal stiffness of bridge structures, as
well as camber (construction rise).
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KbLTKBIMAJIBI KYPAMMEH METAJLI KOMIP KOHABIPMACHIHBIH 63apa
dpeKeTTeCYiHiH HHHOBALMSJIBIK TICLIIEpi
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Anpaartna. 3eptrey OapbIChIHIA KOMIPAIH YCTIHT1 KYPBUIBIMBIMEH JKBIJDKBIMAJIBI KYPAaMHBIH ©3apa OpEKeTTECYiH MOJICIBICY
YIIiH ceri3 caHAblK ToXipuOe xyprizimmi. Kemipaiy cepmiMIinik jkoHE WHEPIMSUIBIK KaCHETTEPiHIH MOMBI3AapAbIH Kayincis
KO3FaJIbIChIHA dcepiH Oarajay MaKcaThIH/AA, KOJIIBIH TY3YJiri MeH mpoduiIi Tikenel aen KaObUIIaHFaH KaFJaaiaa, xKep ToceMi
OolbIHINIA KO3FaNly YIIiH Oipkatap ecenTeyiep Kyprizuimi. Amnaiimga, penbC akayidapbl MEH TO3FaH JOHFalaK MpoQuiaepi
ecenteynepae eckepinni. LlpiHaiibl naiinanany OapbIChIHIa JOHFAIAK NMPOQMIIEPIHIH YaKbIT ©Te Kelle TO3aThIHBIH KepCeTy
YIIH OapyiblK MOJEbJey TO3FaH JOHFanak npodwiaepiMeH >kyprizingi. bynm omic y3amikci3 opTaHbl IIeKci3 epKiHAIK
JIopesKeniepiMeH armpoKCHMalMsuIay bl MEeKTey Il epKiHIiK Aapexernepi Oap »IeMEHTTEp XKHUBIHTHIFbIHA alHaIABIPaIsl. Op
9JIEMEHT YIUIH MilliH QYHKUMsIAPhl aHBIKTala/lbl, Oap TYHIHIEPAETi OPBIH aybICTBIPYJIAp/bl HETi3re ana OTHIPHII, SJIEMEHT
IIIIH/ET] OPBIH aYBICTBIPY OPICiH aHBIKTayFa MYMKIHIIK Oepeni.

Hezizei ce30ep: memann konipOiy yCcminei KYpblibiMbl, MEMIPHCOL MOCeMI, Jdcep MOoceMi, uieKkmi djemeHmmep 0ici,
MaAmMeMamuKanblk MoOenboey, Konip KypoliblMOapbl, HCbLINCOIMANbL KYPAM.
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NuHoBanMoHHBbIC MOAX0ABI K B3aMMOACHCTBUIO METAJLJINYECKOM
MOCTOBOM HAACTPOMKH € NOJABHKHBIM COCTABOM

A. Bonnapenko?, C. lasixmeToB?, A. YKanrabsuioBa®”

UTpusonscckuii 2ocyoapcmsennviii yuugepcumem nymeii coobuenus, Camapa, Poccus
2Satbayev University, Azmamet, Kazaxcman

*Aemop ons koppecnonoenyuu: zhangabylova@mail.com

AHHoTanua. B pamkax uccnenoBaHusl MPOBEAEHO BOCEMb UHCIEHHBIX 3KCIIEPUMEHTOB A MOJENUPOBAHMS ABMKCHUS
MOABIYXHOTO COCTaBa MO MPOJICTHONW KOHCTPYKUUH. JIJIsl OLICHKM BIWSIHUS YIIPYTUX U MHEPLHOHHBIX CBOIMCTB IPOJIETHOM KOH-
CTPYKILIMHM Ha 0E€30IAaCHOCTH JBIDKCHHMS IIO€37I0B BBIIIOJIHEH P PAacueTOB Ul ABMIKCHHUS IO 3EMIITHOMY IIOJIOTHY, TA€ Kak
BBIPABHUBAHUE, TaK ¥ MPOQHIb IIyTH IPEANONIaraoTcs npsiMbIMu. OHAKO YUTEHBI HEPOBHOCTH PEIHCOB M M3HOLICHHBIE MPO-
¢ Kosec, Kak ¥ B pacdeTax Ui ABMKEHHS M0 IMPOJIETHON KOHCTPYKIMU. I OTpaskeHMS TOTO, YTO B peabHOM IKCIIIyaTa-
X Ipo(MIIN KOJIEC CO BPEMEHEM M3HAIIMBAIOTCS, BCE CUMYJISIIMN IPOBOIMINCE C HCIIOIb30BAaHNEM W3HOIICHHBIX MPOdHIIei
KoJiec. DTOT METOJI, 110 CYILECTBY, CBOAUT alllPOKCUMALINIO HEMPEPHIBHOW Cpe/ibl ¢ OECKOHEUHBIM YHCIOM CTEeNeHel CBOOOIbI
K Habopy MOJIOMEHOB (MJIM DJIEMEHTOB) C KOHEYHBIM YHUCJIOM CTeNeHeil cBoOonbl. JIJIsi KaKAOro 3JeMeHTa ONpeAessIOTCs
¢yHKMH (HOPMBI, MO3BOIISIIOIINE ONPEIENUTh MOJIE MEPEMENICHUI BHYTPH JJIEMEHTa HAa OCHOBE IEpPEMEIeHUI B y37ax, TO
€CTh Ha CThIKaX KOHEYHBIX d1eMeHTOB (KJ).

Knioueevie cnosa: cmanvnas nponemuas KOHCMPYKYUs, GepxXHee CMpOeHUe NYymu, JHCele3HO00POIACHOE NOJIOMHO, Memoo
KOHEUHbIX 2NeMEeHMO8, MAmMeMamuieckoe MoOeIuposanie, MOCHOo8ble COOPYICEHUs, HOOBUICHOU COCAS.
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