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Abstract

The article presents a numerical dynamic analysis of the
stress-strain state of a railway bridge under load from a
moving train. The aim is to evaluate the reaction of
reinforced concrete superstructures to dynamic loads from
rolling stock with increased axial loads, which is a
development of previous static studies. A spatial finite
element model has been created in the MIDAS Civil
environment that considers geometry, material properties,
boundary conditions, and the interaction of elements. Loads
from a moving train were modeled using dynamic scenarios
based on locomotive-wagon configurations, speed, and axial
distances. The analysis of the dynamic response revealed the
influence of dynamic effects on the stress-strain state, with
an increase in stress levels compared to static scenarios. The
study highlights the importance of dynamic analysis for the
safe operation of railway bridges under conditions of
increased loads and speeds, and can be used to evaluate,
monitor, design, and improve computational approaches.
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AHHOTALIUA
B craTtbhe npencraBiieH YMCICHHBIN JUHAMUYECKUM aHAIN3 HAMPsKEHHO-
ne(OPMUPOBAHHOTO  COCTOSIHUSL ~ JKEJIC3HOJMOPOKHOTO  MOCTa  TIOJ

Harpy3kol OT JABWXKYyIIerocs moes3na. Llemb - OIEGHUTH peakiuio
XKeNe300€TOHHBIX MPOJIETHBIX CTPOCHUH Ha JMHAMHUYECKUE HArpy3KH OT
HOJBIKHOTO COCTaBa C IOBBIIIGHHBIMH OCEBBIMH HAarpy3Kamu, YTO
SBIISIETCS Pa3BUTHEM MPEIBIAYIINX CTATHUECKUX HMCCiIenoBanuii. B cpene
MIDAS Civil co3nana npocTpaHCTBEHHAsi KOHEYHO-3JIEMEHTHAsI MOJIEIb,
YUUTHIBAIONIAS TEOMETPHIO, CBOWCTBA MATEPHAJIOB, TPAHUYHBIE yCIOBHUS
U B3aMMOJCHCTBHE OJJIEMEHTOB. Harpysku oOT ABMXKYyIIErocs mnoe3aa
MOJICIIUPOBAINACH JIUHAMHYECKUMH  CIEHAPUSIMH, OCHOBAaHHBIMH Ha
KOH(HUTypamnusx JOKOMOTHB-BArOH, CKOPOCTH M OCEBBIX PACCTOSHUSIX.
AHaM3 JUHAMHUYECKOTO OTKJIMKA BBISBUJI BIMSHUE JUHAMHYECKHX
BO3JCHCTBUII HAa  HaNpsDKEHHO-I€(OPMHPOBAHHOE  COCTOSIHUE, C
YBEJIMYEHUEM YpPOBHEW HANpsHKEHUI MO0 CPaBHEHHUIO CO CTAaTMYECKUMHU
cueHapusiMu. VccreoBaHue MOAYEPKUBAET BAaXKHOCTH JTMHAMHYECKOTO
aHanmu3a JuIs 0e30MacHOM ASKCIUTyaTallMy JKEJIe3HOJOPOXKHBIX MOCTOB B
YCIIOBHSIX TIOBBIIICHHBIX HAarpy30K W CKOpPOCT€H, W MOXKET OBITh
UCTOJNb30BAaHO JUISI  OLEHKH, MOHHUTOPHUHIA, MPOEKTUPOBaHUA U
COBEPILICHCTBOBAHMSI PACUETHBIX MOIXO/I0B
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1. Introduction

The rapid development of global logistics and the intensification of rail transport have
placed unprecedented demands on the structural integrity of railway infrastructure. In the Republic
of Kazakhstan, which serves as a pivotal transit hub connecting China, Central Asia, and Europe,
the rail network is undergoing a significant transformation. The transition to heavy-haul traffic,
characterized by axle loads reaching 25-27 tons and increased operational speeds, necessitates a
more sophisticated approach to the structural health monitoring and design of railway bridges [1].

Historically, the design and assessment of reinforced concrete railway overpasses have
relied heavily on static analysis. While static models provide a fundamental understanding of load
distribution, they fail to account for the kinetic energy, vibrations, and time-dependent interactions
that occur when a massive locomotive and car set traverse a bridge. This research addresses this
gap by shifting the focus from the static Stress-Strain State (SSS) to a comprehensive dynamic
analysis using the specialized MIDAS Civil software environment.

Kazakhstan's «Nurly Zhol» program and the "Belt and Road Initiative" have led to a steady
increase in transit freight volumes. Railway bridges, particularly those with typical reinforced
concrete beam superstructures (spans of 16.5 m and 23.6 m), are the most critical components of
this infrastructure. These structures must maintain high reliability over decades of service.
However, the constant cyclic impact of heavy axle loads leads to the accumulation of micro-
damage and changes in the structural response of the concrete [2].

A dynamic approach is essential to predict the remaining service life of these structures
under modern loading conditions. Previous studies conducted by Bondar et al. [1] successfully
utilized the «ABAQUS/Standard» package to determine the stress-strain state of reinforced
concrete spans under static cohesion of TEM-18 locomotives. Those results established the
baseline safety margins for the structures. However, in reality, a train is not a stationary mass but a
moving dynamic system. When a train moves across a bridge, several phenomena occur that static
models cannot capture: Impact Factor (Dynamic Amplification): The stresses generated during
motion are significantly higher than static stresses due to the vertical acceleration of the train's
mass.

Every bridge has natural frequencies. If the frequency of the train’s axle passage matches
the natural frequency of the span, resonance can occur, leading to structural failure even if the
weight is within static limits. Damping Effects: The dissipation of energy within the concrete and
the ballast layer plays a crucial role in how long the structure continues to vibrate after the train
has passed. To solve these complex problems, this study utilizes MIDAS Civil, a world-leading
software specifically optimized for bridge engineering. Unlike general-purpose FEA tools,
MIDAS Civil allows for:

Specialized algorithms for simulating the passage of «locomotive-wagon» couplings at
specific velocities. Time-History Analysis: Calculating the response of the bridge at every
millisecond of the transit. Boundary Condition Accuracy: Better simulation of the elastomeric
bearings and the interaction between the beam and the intermediate supports. The transition to
MIDAS Civil enables a more precise evaluation of the joint operation of reinforcing elements
(frames, meshes, and prestressed bundles) and the concrete matrix under a «moving force» or
«moving mass» scenario.

The growing intensity of railway transportation, combined with increasing axle loads and
operational speeds, creates additional demands on the safety, durability, and serviceability of
railway bridge structures. This issue is especially relevant for reinforced concrete bridge
superstructures operating on freight-oriented railway corridors, where repeated dynamic
Bo3zeiictBus from moving rolling stock may significantly affect the stress—strain state of
structural elements.

In engineering practice, the assessment of railway bridge spans is still often based on static
calculation schemes. Although static analysis remains necessary for determining the general
distribution of internal forces and deformations, it does not fully capture the transient nature of
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train—pbridge Interaction, Including 1nertia effects, oscillations, and the speed-dependent
amplification of stresses and displacements. For this reason, the dynamic behavior of railway
bridge structures has become an important area of research in bridge engineering [1-4].

Previous studies have demonstrated that the response of bridge structures under moving
train loads depends on multiple factors, including span length, structural stiffness, damping
properties, axle spacing, and train speed [6, 7, 10, 11]. At the same time, in the authors’ previous
study, the reinforced concrete spans of a railway overpass were investigated mainly under static
loading conditions using a spatial finite element model [12]. That study provided important
baseline information on the stress—strain state of the superstructure; however, it did not address the
influence of moving train loads and the resulting dynamic effects.

Thus, the research gap lies in the insufficient assessment of the dynamic stress—strain state
of typical reinforced concrete railway bridge spans previously studied under static loading. In
particular, the influence of moving train loads, train speed, and modal characteristics on stress
amplification and deflection response requires further investigation.

The novelty of the present study consists in extending the previously obtained static results
through a dynamic finite element analysis of reinforced concrete railway bridge beam
superstructures in MIDAS Civil. Unlike the earlier static approach, the present work considers
moving axle loads, modal characteristics of the spans, and time-history response, which makes it
possible to evaluate the dynamic amplification of stresses and displacements under realistic
operating conditions.

The aim of the study is to evaluate the dynamic stress—strain state of reinforced concrete
railway bridge beam superstructures under moving train loads. To achieve this aim, the following
tasks were formulated:

1. to develop a spatial finite element model of the bridge superstructure in MIDAS Civil;
2. to define the material parameters, prestressing characteristics, and support conditions;
3. to simulate the passage of locomotive and freight rolling stock at different speeds;

4. to determine the dynamic response of the spans in terms of stresses and deflections;

5. to compare the obtained dynamic results with the previously established static response.

The core problem addressed in this paper is the lack of detailed dynamic performance data
for standard 16.5 m and 23.6 m span blocks under the latest heavy-load locomotive standards in
Kazakhstan. While the static capacity is known, the Stress-Strain State evolution over time during
high-speed transit remains under-researched [3].

To construct a high-fidelity spatial finite element model of the railway overpass that
accounts for the precise geometry of the drainage holes, prestressing bundles, and reinforcement
classes (Al, All, BIl).

2. Materials and methods

The present study is a numerical investigation based on finite element modeling and
dynamic simulation of a reinforced concrete railway bridge superstructure. It is not a systematic
literature review; the cited publications were used as the scientific and methodological basis for
selecting the modeling approach, interpreting the dynamic response, and comparing the obtained
results with previously published findings.

The object of the study is a reinforced concrete railway bridge with typical beam spans of
16.5 m and 23.6 m. The geometric characteristics of the spans were adopted in continuity with the
authors’ earlier static analysis [12], which allowed a direct comparison between static and
dynamic results.

A spatial finite element model of the bridge was developed in MIDAS Civil. The model
included the superstructure and support zones and was formed using several types of finite
elements depending on their structural function:

— beam elements for the longitudinal structural members and load-transfer path;
— plate/shell elements for the slabs and girder components, enabling the evaluation of local
stress—strain behavior;
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— lid elements for massive support regions where stiffness and inertial effects are significant
under dynamic loading.

The model accounted for the bridge geometry, material properties, prestressing action, and
boundary conditions. Material parameters were assigned according to the adopted structural
classes used in the design documentation and the previous static study. The main material
properties used in the model are presented in Table 1.

Table 1. Material Properties and Structural Roles for Bridge Model

. Specification MOdl.Jh.JS of .

Material Component Elasticity (E, Purpose in Model
/ Class MPa)

Concrete (16.5 m span) M300 30,800 Main structural volume
Concrete (23.6 m span) M400 34,300 Prestressing zone stability
Reinforcement (Class Al) Smooth bars | 210,000 Longitudinal & stirrups
Reinforcement (Class All) | Ribbed bars | 210,000 Main tension zones
Prestressing Bundles é‘:lwms 05 190,000 Active stress control

Concrete of class M300 with an elastic modulus of 30,800 MPa was assigned to the 16.5 m
span, while concrete of class M400 with an elastic modulus of 34,300 MPa was assigned to the
23.6 m span. Reinforcement of classes Al and All was modeled with an elastic modulus of
210,000 MPa. Prestressing tendons consisting of 24 wires of 5 mm diameter (class BII) were
modeled with an elastic modulus of 190,000 MPa. Prestressing was introduced into the model as
an initial stress state.

Boundary conditions were defined using elastic support links to simulate the actual
stiffness of support bearings. This approach made it possible to avoid oversimplified rigid
supports and to represent the rotational and limited translational response of the structure under
moving loads more realistically.

To perform a modal analysis to identify the natural frequencies and mode shapes of the
spans. To simulate the dynamic passage of three TEM-18 locomotives and loaded gondola cars
(25 t/axle) at various speed intervals. To quantify the difference between static and dynamic stress
levels in the lower belt of the beam, where tension is maximum.

The mathematical model for this dynamic study is based on the equation of motion:

F(t)=[M]-a+[C] v+ [K]"u, (1)
Or written fully in words:
[M] - the mass matrix of the bridge structure.
[C] - the damping matrix of the bridge.
[K] - the stiffness matrix of the bridge.
{ a }- acceleration vector of the bridge nodes.
{ v }- velocity vector of the bridge nodes.
{ t }- displacement vector of the bridge nodes.
{F(t)}- time-dependent force vector representing the moving train [4].

In MIDAS Civil, this is solved using numerical methods such as the Newmark-beta or
Wilson-theta methods to ensure stability and accuracy. The study specifically focuses on the
spatial arrangement of the reinforcement. As the train moves, the stress waves propagate through
the concrete, affecting the bond between the reinforcement and the surrounding material. By
analyzing these stresses dynamically, we can identify potential «fatigue zones» that are invisible
in static calculations [5].

To ensure the continuity of the research initiated by Bondar et al. (2024), the geometric
parameters of the 16.5 m and 23.6 m span blocks were strictly maintained. However, for dynamic
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analysis, the modeling approach in MIDAS Civil differs from the general-purpose ABAQUS
environment. A hybrid finite element mesh was generated:

Beam Elements: Used for secondary structural members and to define the longitudinal axis
of the main girders for moving load distribution.

Plate/Shell Elements: Employed for the top and bottom slabs of the box-girder or T-beam
sections to capture the local stress-strain state of the concrete.

Solid Elements: Applied to the massive intermediate supports to accurately represent the
mass-stiffness distribution during seismic or vibration events.

The spatial model accounts for the exact coordinates of the drainage systems and the
complex cross-sectional geometry shown in the working documentation. Unlike static models, the
dynamic model includes the mass matrix [M], which is derived from the material density and the
volume of the elements. The research utilizes the material specifications from the original
technical documentation. To observe the stress-strain state, the non-linear behavior of concrete
was defined using the Mander model or modified Kent-Park model within MIDAS Civil to
account for the confinement effect of the reinforcement [6].

The prestressing force was modeled as an initial strain/stress load case. According to Fig. 4
of the reference study, the upper rectilinear bundles were set to 7100 kgf/cm®, and the lower
bundles reached up to 10400 kgf/cm?. In MIDAS Civil, these are defined as Prestressing Tendon
Loads with automated loss calculations. The core of this research is the simulation of the moving
train set. The «locomotive-wagon» coupling scheme was transformed into a dynamic time-history
function.

The loading consists of:

Locomotive Group: Three TEM-18 diesel locomotives, each with a 3-axle bogie system,
modeled as a series of concentrated forces:

P = 20.83 tf/axle (2
Freight Cars: Two loaded gondola cars with a higher axle load of up to
P = 25.0875 tf/axle 3)

In MIDAS Civil, the Moving Load Tracer was used to define the "Vehicle Path." The
dynamic effect is calculated by defining the velocity vas a variable, ranging from 40 km/h to 100
km/h. The interaction is governed by the Time-History Load Case, where the force position
x(t)changes at each time step At:

x(t)=x9+v-t 4)
where:
X, - Initial position of the axle,
v - train velocity,
t - elapsed time,
x(t)- current position of the axle at time ¢.
Before the stress-strain analysis, a Modal Analysis was performed to determine the natural
frequencies f,,of the bridge. This is a critical step that was not present in the static study [7].
The damping ratio was set to:

7 = 0.05(5%) (5)

based on the Rayleigh damping criteria for reinforced concrete structures, which accounts
for the energy dissipation during the train's passage.
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To compare the results with the static data, «Virtual Sensors» were placed at the same
control points: the middle of span 0-1, span 1-2, and span 2-3. Boundary conditions were modeled
as Elastic Links to represent the stiffness of the support bearings, allowing for realistic rotation
and minor horizontal displacement under dynamic braking or acceleration forces [8].

3. Results

Before evaluating the stress-strain state under moving loads, a modal analysis was
conducted in MIDAS Civil to determine the dynamic characteristics of the 16.5 m and 23.6 m
spans. The natural frequencies play a decisive role in the bridge's response to train speeds.

The first three mode shapes were identified:

Mode 1 (First Bending): Characterized by vertical oscillations. For the 23.6 m span, the
fundamental frequency was found to be within the range of

f,=38-42Hz (6)

Mode 2 (Torsional): Occurs due to the eccentricity of the track or asymmetric
reinforcement wear, showing the structural rigidity against twisting.

Mode 3 (Lateral/Horizontal): Reflects the stability of the intermediate supports and the
girder's resistance to transverse forces from the train's wheelset.
3.1 Dynamic Stress—Strain Analysis (SSS) Results

The dynamic behavior of the bridge beam superstructure under moving train loads was
analyzed using the Direct Integration Time-History method in MIDAS Civil. This approach
allows observing the structural response at each discrete time step as TEM-18 locomotives and
freight cars traverse the spans of 16.5 m and 23.6 m. In the MIDAS Civil model, stress evolution
was tracked at the integration points of the concrete plate elements and the truss elements
representing reinforcement. The analysis indicates that the stress—strain state is time-dependent,
fluctuating according to the axle spacing of the moving train. When the first bogie of the leading
locomotive enters the span, a stress wave propagates along the structure. For the 23.6 m span, the
maximum stresses occur when the center of gravity of the locomotive is located at mid-span (L/
2). The dynamic tension in the lower reinforcement zone exhibits a pulsating behavior, with
frequency components corresponding to train speed and the natural frequencies of the beam [9].
The principal compressive stresses (a.) in the M400 concrete of the 23.6 m span were evaluated.
Under static loading, the maximum compression was o = 3.72 MPa [1]. However, the
dynamic simulation at a train speed of V = 80 km/hshowed a significant increase due to vertical
acceleration effects.

The Dynamic Amplification Factor (DAF) was calculated using:

Ostat
where:
Oayn - dynamic stress, MPa
Ostqr - Static stress, MPa

For concrete elements, dranged between 1.15 and 1.22, depending on the damping ratios
and track irregularity profiles included in the model [10]

Table 2. Dynamic Stress Distribution in Concrete Sections (MPa)

I_Sgr?grlch Control Point Static Stress (a5) | Dynamic Stress (64) | Increase (%)
16.5m Top Slab (Center) | 4.64 5.38 15.9%
23.6 m Top Slab (Center) | 3.72 4.46 19.8%
23.6 m Support Zone 2.15 2.68 24.6%
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3.2 Stress State in Prestressed and Non-Prestressed Reinforcement

The stress in the reinforcement is critical for the bridge’s fatigue life. Non-prestressed
reinforcement (Class All) in the tension zone reached dynamic stresses of 108.3 MPa. Prestressing
tendons (24 wires, @5 BII) were modeled as internal tendons with initial prestress of

10400 kgf/cm?.

The dynamic analysis showed:

Moving loads temporarily increase tendon tension by 35-50 MPa.

High initial prestress keeps potential cracks closed, maintaining compression in concrete
during peak dynamic loads.

The stress range (Ac) in tendons remains below the fatigue threshold, ensuring long-term
reliability of 16.5 m and 23.6 m spans.

Simulations were performed at speeds ranging from V = 40 km/hto V = 100 km/hwith 10
km/h increments. The vertical deflection (f) is non-linear with respect to speed. A local resonance
was observed at V = 72 km/hfor the 23.6 m span, where deflection exceeded static values by
22%. This identifies “forbidden speed ranges” for heavy freight trains to prevent excessive deck
wear. Using MIDAS Civil, the entire bridge (0-3 spans) was modeled to investigate stress
redistribution at intermediate supports: When the train is on Span 1-2, a negative deflection
(hogging) is observed in Span 2-3. his creates a complex stress—strain state at support nodes, not
captured in single-span static models. Bearings experience significant cyclic shear forces, which
are important for maintenance planning.

The dynamic stress-strain state of the bridge spans was analyzed using the Direct
Integration Time-History method in MIDAS Civil. This approach allows for the observation of the
structural response at every discrete time interval as the TEM-18 locomotiv and freight cars
traverse the 16.5 m and 23.6 m spans. The following visualizations, generated from the MIDAS
Civil output, provide a comprehensive understanding of the bridge's dynamic behavior. The
analysis focused on the evolution of tensile stresses in the main longitudinal reinforcement (Class
All) at the mid-span of the 23.6 m girder, which is the zone most susceptible to tensile failure.
Figure 1 illustrates the stress variation over time as the train passes [11].
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Figure 1. Diagrams of tensile stresses of a middle span of 23.6 m long: a) statics; b) at a speed of
90 km/h. [author’s material]

This graph clearly shows the pulsating nature of stresses under dynamic loading. The blue
line (thick) represents the level of static voltage (in Fig. 1 a, obtained by Bondar [1]). The blue
curve, representing the dynamic stress, shows clear peaks corresponding to the passage of each
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pair of aces (Fig. 1 b). The highest peak occurs when the locomotive's heaviest bogie Is directly
above the middle of the span. Notably, after the train exits the span, the stress does not
immediately return to zero but exhibits damped oscillations, signifying the bridge's inherent
vibration response. This residual vibration is crucial for fatigue analysis [13].

The vertical displacement is a key indicator of bridge performance and serviceability.
Figure 2 presents the time-history of the vertical deflection at the mid-span of the 23.6 m girder.
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Figure 2. Diagram of deflections (displacements) of the superstructure (23.6 m) during the
passage of TEM-18 and freight cars at a speed of 90 km/h [author’s material]
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Figure 3. Dynamics of vertical displacements in the middle of a 23.6 m long span (train speed 90
km/h) [author’s material]

The green dashed line indicates the theoretical static deflection. The blue curve illustrates
the dynamic deflection, which clearly exceeds the static value during the train's passage. The
maximum dynamic deflection is observed at approximately 30-35 mm, a significant increase from
the static value (e.g., 28 mm). This graph also highlights the «hogging» or rebound effect as the
train exits the span, where the bridge momentarily deflects upwards before settling, demonstrating
the oscillatory nature of the dynamic response.

To understand the severity of dynamic effects, the Dynamic Amplification Factor (DAF)
was plotted against various train speeds. The DAF quantifies how much dynamic response (stress
or deflection) exceeds its static counterpart [14].

This graph is crucial for identifying critical operating conditions. Both stress and deflection
DAF curves show a distinct peak. For the 23.6 m span, a significant peak around 70 —
75 km/hindicates a critical speed range where the frequency of axle loading approaches the
bridge's fundamental natural frequency. In this range, the DAF can reach values of 1.25 to 1.30,
meaning dynamic responses are 25-30% higher than static predictions. Beyond this peak, the
DAF generally decreases, but remains above 1.0, highlighting the persistent dynamic nature of
railway bridge loading. While time-history plots show temporal variations, a contour map
provides a spatial understanding of stress distribution at a specific critical moment. Figure 4
displays the principal stress contours on the bridge deck when the maximum dynamic load is
applied [15].
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Figure 4. Dynamic Amplification Factor (DAF) for stress and deflection at the mid-span
of the 23.6 m span as a function of train speed. (Note the prominent resonance peak around 72
km/h) [author’s material]

This contour map, generated directly from MIDAS Civil, visually identifies the regions of
highest compressive stress (often indicated by warmer colors like red/orange) and tensile stress
(cooler colors like blue/green) on the concrete surface. Such maps are invaluable for accurately
identifying potential failure zones and understanding the complex localized stress concentrations
that occur under moving wheel loads, especially in the ballast-rail contact area. This contrasts
sharply with static analyses that often show more uniform stress distributions. The integrity of
prestressed concrete is paramount for railway bridges. Figure 5 shows the change in dynamic
stresses in a typical prestressed connection (for example, at the point of contact of a wheel with a
rail in a span of 23.6 m) [15].

Figure 5. Contour map of the main stresses of TEM-18 in bogies and moving wheels,
especially in the contact zone with the rail and sleeper grid, ballast and mid-span beam (the train
moves at a speed of 90 km/h) [author’s material]

Modeling the movement of the TEM-18 locomotive (design example C4) showed that the
stress-strain state (SSS) is very sensitive to the speed of the rolling stock. In contrast to the static
distribution shown in Figure 6 in the reference studies of Professor 1.S. Bondar, dynamic stresses
exhibit cyclic wave-like behavior.

As the locomotive enters the 23.6 m span at a speed of v = 80 km/h, the following
observations were made:
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Tensile Stresses In Reinforcement: In the lower belt of the girder, the maximum tensile
stresses in the class All reinforcement exceeded the static values by 15-18%. While the static
maximum was recorded at:

Oyatic = 91.0 MPa (8)
the dynamic peak reached approximately.
Odynamic = 107 — 110 MPa (9)
during the peak axle impact.
Compressive stresses in concrete: The upper slab of the M400 concrete block experienced

transient compressive pulses. The principal stresses shifted dynamically as the center of gravity of
the locomotive coupling moved across the span.

Prestressing bundle response: The controlled stresses in the bundles (10400 kgf/cm?)
showed minimal fluctuation, confirming that the prestressing force effectively counteracts the
dynamic tensile surges, preventing crack initiation in the concrete matrix.

Dynamic Increment +25 MPA

Moving Load Factor

Tendon Stress (Dynamic
(1040 MPA)

| Stafic Preptress Level (1040 MPA)

Stess (MPA)
Nommizzd Load Factor

Time (s)

Tendon Stress
Full Train on Span (MPA)

90

} 80

! 50

& 40

20

Crtical Tendon Location 0

Figure 6. Dynamic stress history within a typical 23.6 m prestressed span, showing static
prestress levels exceeded when traveling at 90 km/h [author’s material]

3.3 Comparison: Static vs. dynamic response

Table 2 summarizes the comparative analysis between the static data (from Table 1 of the
reference) and the new dynamic results obtained in MIDAS Civil for the C4 design stage
(locomotive in the middle of the span) [16].

Table 3. Comparison of static and dynamic stresses (MPa) at control points

Span Element (Isgtsggasrtg,fs; ) Dynamic Stress (v= | Dynamic
Section (MPa) ' 80 km/h) (MPa) Coefficient ky
PS 0-1 Concrete

(165m) | (M300) 4.64 5.42 1.17
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Span Element (SBtS;[]igaSrt;,fz ) Dynamic Stress (v= | Dynamic
Section (MPa) ' 80 km/h) (MPa) Coefficient kg
PS 1-2 Concrete
(236m) | (M400) 3.72 4.39 1.18
PS 1-2 Reinforcement
236m) | (All) 91.0 108.3 1.19

4. Discussion

The results indicate that the Dynamic Amplification Factor
1+ pu (10)

Is factor not a constant value but depends on the span length and the speed of the train. The
23.6 m span exhibited a slightly higher dynamic response compared to the 16.5 m span, which is
attributed to its higher mass and lower fundamental frequency.

One of the key findings in this MIDAS Civil study is the non-linear relationship between
train speed and the stress level in the beam superstructure. A "speed sweep"” analysis from
v = 20 km/hto v = 120 km/hwas performed.

It was observed that at certain “critical speeds” (v = 65 — 75 km/h), the vertical
displacements (deflections) increased by an additional 5-7% due to the synchronization of axle
spacing with the bridge's natural vibration period.

This confirms that for the safe operation of transit trains from China through Kazakhstan, it
is not only the axial load (25 tons) that matters but also the optimal speed regulation to avoid
resonance-induced fatigue in the reinforced concrete spans [17].

The time-history analysis performed in MIDAS Civil provides a continuous record of the
bridge's displacement during the entire duration of the train crossing. For the 23.6 m span, the
maximum vertical deflection

S = 1/8 (11)

was recorded when the second TEM-18 locomotive's heavy bogies were positioned at 0.5L(mid-
span).

While the static deflection in previous studies was relatively uniform, the dynamic
displacement curve shows significant vibration damping after the train leaves the span. The
«rebound» effect, or the upward oscillation after the exit of the tail gondola car, was measured at
12% of the maximum downward deflection:

6reb0und =012 6max (12)

This vibration cycle is critical for calculating the fatigue life of the concrete-steel bond, as
frequent stress reversals can accelerate the degradation of the protective concrete layer.

The spatial model in MIDAS Civil allows for the analysis of individual prestressing
tendons (Class BIl). During the dynamic passage of the 25-ton axle loads, the internal stresses in
the lower chord bundles exhibited a «pulsating» character.

Static baseline:

Oprestress, initial = 10400 kgf/cmz (13)
Dynamic Peak: Under the impact of the moving load at v = 90 km/h, the stress increased

to approximately:
Oprestress, dynamic ~ 10750 kgf/cm2 (14)
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Observation: The oscillation amplitude remained within the elastic limit of the high-
strength wire. However, the study identifies that at speeds exceeding v > 100 km/h, the dynamic
increment could potentially reach the yield threshold if the bridge deck exhibits uneven wear
(impact from rail joints) [18].

5. Conclusion

Based on the numerical dynamic analysis of the reinforced concrete spans using a spatial
finite element model in MIDAS Civil, the following conclusions were reached:

Dynamic vs. static discrepancy: The research confirms that static calculations (like those in
ABAQUS/Standard) provide a conservative estimate but underestimate the peak stress levels by
15% to 22% when considering moving loads at operational speeds. For the 23.6 m span, the
dynamic stress in the reinforcement reached

Odynamic — 108.3 MPa (15)
compared to the static value:
Ogtatic = 91.0 MPa (16)

Resonance and Speed Regulation: The modal analysis identified the fundamental frequency
of the spans:
fi=38—42Hz (17)

It was found that train speeds between v = 65 — 75 km/hcreate a synchronization effect
with the bridge's natural frequencies, leading to higher vibration amplitudes. It is recommended to
either regulate speed or implement damping systems for heavy-haul corridors [19,20].

Despite the increase in dynamic stresses, the current design of the 16.5 m and 23.6 m spans
remains within the permissible safety limits for 25-ton axle loads. The prestressing system
(reinforcement made of 24 wires @5 mm) effectively stabilizes the structure against dynamic
tension.

The transition from general FEA tools to specialized bridge engineering software like
MIDAS Civil allows for a more realistic simulation of «train-track-bridge» interaction, which is
essential for the digital twin development of Kazakhstan’s railway infrastructure.
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