Journal of Ferdowsi Civil Engineering, Vol...., No.....2026

Evaluating Dynamic Train-Bridge Interaction for an
Old Masonry Arch Bridge: A Case Study of Karaj
Bridge

Tohid Akhlaghi (Associate Professor, Department
of Civil Engineering, University of Tabriz, Iran)

Faraz Motamedi Mamaghani (Ph.D. Student,
Department of Civil Engineering, University of Tabriz,
Iran)

1- Introduction

Old masonry bridges constitute an important part of Iran’s
railway infrastructure, and a considerable number of them have
been in service for more than 80 years. These bridges were
generally designed for lower train speeds than those used today.
Therefore, evaluating their dynamic response under modern
train operation is important, particularly because the combined
effects of train speed, axle load, and track configuration can
modify the bridge response. Previous studies have addressed
moving-load effects, railway bridge dynamics, masonry-bridge
seismic behavior, and train-bridge interaction; however, the
simultaneous influence of track type, train speed, and axle load
on an existing masonry bridge using a field-validated three-
dimensional model has received less attention.

Accordingly, the Karaj masonry arch bridge was selected as a
case study. The main objective is to develop and validate a
three-dimensional train-bridge interaction model and to
compare ballasted, ladder, and concrete slab track systems in
terms of vertical displacement and acceleration under different
operating conditions.

2- Numerical Model and Case Study

The Karaj bridge has a total length of 190 m and consists of
seven arches with an internal span of 21 m. The arch key
thickness is 1.0 m, the thickness at the seating region is 1.75 m,
and the bridge width at the arches is 4 m. Based on the available
core-test results, the masonry and concrete components were
represented as isotropic linear-elastic materials.  This
simplification is consistent with the study objective of
comparing dynamic responses within the service-level
deformation range; nonlinear masonry behavior, cracking, and
damage are therefore limitations of the present model.

Fig. 1. Longitudinal view of the Karaj masonry arch bridge

The train was represented by interconnected rigid bodies for
the car body, bogies, axles, and wheels, connected through
linear springs and viscous dampers. The vehicle model contains
27 degrees of freedom for four-axle cars and 33 degrees of
freedom for six-axle locomotives. The bridge-train system was
modeled in ABAQUS using a three-dimensional finite element
formulation. Deformable bridge components were represented
by eight-node solid elements with reduced integration, while the
vehicle, ballast, and substructure components were modeled as
rigid bodies where appropriate.

Fig. 2. Three-dimensional model of the Karaj bridge

3- Track Systems and Loading

Three track configurations-ballasted, ladder, and concrete
slab were modeled as homogeneous linear-elastic systems. The
analyses considered axle loads of 20, 25, and 30 t and train
speeds of 30, 60, 90, 120, and 160 km/h. Dead load was applied
gradually during the initial stage of the analysis, and train speed
was introduced through a prescribed time history. The bridge
supports were restrained in translation and rotation, consistent
with the relatively stiff rock foundation reported for the bridge
site.

Fig. 3. Numerical representation of the ballasted, ladder, and
concrete slab track systems

4-  Model Validation

Validation was performed at two levels. First, the natural
frequencies obtained from modal analysis were compared with
field accelerometer measurements. The differences for the first
and second modes were below 10%, while the UIC 778-3
recommended limits are 15% and 25%, respectively. Second,
the maximum vertical displacement at the center of span 4
during the passage of three locomotives and five cars was
compared with field DCDT measurements. The field and
numerical peak displacements were approximately 540 and 570
um, respectively, corresponding to a relative difference of about
5.6%. These comparisons indicate that the model reproduces the
measured dynamic behavior with acceptable accuracy.
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Fig. 4. Comparison of numerical and field vertical displacement at
the center of span 4

5- Results and Discussion

The response of the bridge was evaluated at two critical
locations identified from the preliminary analyses: the center of
the first arch span and the fourth bridge joint. The first location
exhibited the largest global displacement and acceleration
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response, whereas the fourth joint represented a critical local
interaction zone between adjacent spans. The principal variables
were track type, train speed, and axle load.

At the center of the first span, increasing axle load from 20 to
30 tincreased both vertical displacement and acceleration for all
track systems. The response also increased with train speed up
to approximately 120 km/h. The largest vertical displacement
was 1.119 mm for the ballasted track at 120 km/h and 30 t. The
corresponding maxima for the ladder and concrete slab tracks
were 0.86 and 0.81 mm, respectively. Thus, the higher stiffness
of the concrete slab track reduced the bridge displacement
compared with the ballasted configuration.

The acceleration response showed a similar dependence on
axle load and speed. At the first span, the maximum acceleration
was 0.2687 m/s? for the ballasted track, 0.1864 m/s? for the
ladder track, and 0.1672 m/s? for the concrete slab track. The
peak responses occurred mainly in the 90-120 km/h range. The
concrete slab system therefore produced lower overall bridge
displacement and acceleration, although its higher stiffness also
caused a stronger sensitivity of the response to speed near the
critical range.

Table 1. Maximum responses at the center of the first span
Maximum response:
displacement / acceleration

Track system

Ballasted 1.119 mm / 0.2687 m/s?
Ladder 0.86 mm /0.1864 m/s?
Concrete slab 0.81 mm/0.1672 m/s?

At the fourth joint, the maximum vertical displacement was
approximately 0.21 mm for the ballasted track, 0.17 mm for the
ladder track, and 0.15 mm for the concrete slab track. The
corresponding acceleration peaks were about 0.0632, 0.045, and
0.0270 m/s?, respectively. The ladder track showed relatively
stable response above 90 km/h, whereas the concrete slab track
exhibited noticeable changes around 90 and 120 km/h,
indicating greater sensitivity to the excitation frequency. The
passenger-comfort assessment was qualitative because standard
indices such as RMS acceleration were not calculated.

6- Conclusions

The validated three-dimensional ABAQUS model was used
to investigate the Karaj bridge under different train speeds, axle
loads, and track systems. Increasing axle load from 20 to 30 t
increased displacement and acceleration for all systems. The
principal dynamic-response peaks occurred mainly within 90—
120 km/h. The concrete slab track produced the lowest overall
bridge displacement and acceleration, although its higher
stiffness caused noticeable speed sensitivity near the critical
range. The passenger-response assessment remains qualitative
because standard comfort indices such as RMS acceleration
were not calculated.
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Abstract:

A significant portion of Iran’s railway network is located on old bridges, particularly masonry bridges.
Given the age and historical importance of these bridges, their preservation and maintenance are essential. In
this study, numerical modeling of the Karaj masonry bridge and the passing train was conducted to investigate
the effects of different track systems, including ballasted, concrete slab, and ladder tracks, on train—bridge
interaction under different train speeds and axle loads. Based on the available material strength tests as well as
static and dynamic field tests conducted on the bridge during the passage of different trains at various operating
speeds, a detailed numerical model of the bridge-train system was first developed and validated. After
confirming the reliability of the model, sensitivity analyses were performed for each track system to investigate
the effects of axle load and train speed on the structural response. The results showed that increasing the axle
load increased the vertical displacement and acceleration in all three track systems. The maximum vertical
displacement at the center of the first span was 1.119, 0.86, and 0.81 mm for the ballasted, ladder, and concrete
slab tracks, respectively. The corresponding maximum vertical accelerations at this location were 0.2687,
0.1864, and 0.1672 m/s?, respectively. Overall, the concrete slab track produced the lowest vertical
displacement and acceleration. The speed range corresponding to the maximum dynamic response varied
between 90 and 120 km/h, depending on the track system and the response parameter considered.

Keywords: Masonry arch bridges, Interaction, Finite Element Method, Pavement systems, Dynamic field
tests, Acceleration, Axial load
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