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ABSTRACT

Curved metro bridges produce lateral forces due to the centrifugal actions by
moving trains. Due to these forces ,pier experiences fluctuating reactions which
may influence the behaviour and safety of that structure. The present study focuses
on analysis of loading spectra on curved metro bridge piers due to moving
centrifugal loads of a metro train of 8 coaches.

Different span length (from 4m to 60m) model is developed consisting deck
elements and piers in STAAD.Pro. The metro train was represented using moving
axle point loads having equally distributed centrifugal force on each axles. The
simulation of train movement was done by shifting the axle loads in small
increments across the bridge, and for each loading position the horizontal reactions
are developed at the pier.

The loading spectra were generated for various spans and then compared to study
the variations in maximum centrifugal reaction and dynamic component. The
different results obtained indicates the changing significant loading behaviour with
span length.

The spans approximately close to the multiples of coach length exhibit negligible
dynamic fluctuations, whereas shorter and certain intermediate spans showed
considerable oscillatory behaviour and very high dynamic components.

The study illustrates the importance of selection of span in controlling the dynamic
effects in curved metro bridges.

The generated loading spectra can further be used for the time-history and dynamic
analysis of bridge piers under moving train loads for considering different
parameters.
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CHAPTER -1
INTRODUCTION
1.1 Background of the Study

The rapid expansion of mass transit systems, particularly Metro rail networks in
densely populated urban areas, frequently necessitates the construction of
curved railway bridges to accommodate complex city topographies. When a
heavy metro train negotiates a curved alignment, it exerts a significant outward
radial force on the track, known as Centrifugal Force. Unlike vertical gravity
loads, this lateral force continuously fluctuates as the multi-axle train traverses
the bridge spans, transferring dynamic lateral loads directly to the central piers.
This dynamic outward push induces continuous bending moments and sway in
the substructure, making it one of the most critical load cases for curved bridge
design.

1.2 Problem Statement Modelling the exact lateral load transfer from a moving
train to a bridge pier is computationally complex. A modern 8-coach Metro
train, such as the Bombardier MOVTA, is not a single point load but a 178-
meter-long moving system consisting of 32 axles with distinct wheelbases and
inter-bogie gaps. Applying a real-time, curved moving load in finite element
software often leads to computational inefficiencies and inaccuracies due to the
continuous rotation of local axes along the curve.

1.3 Objectives The primary objective of this phase of the research is to isolate
the lateral dynamic loading behaviour from the complex deck geometry. By
doing so, the study aims to generate a "speed-independent” lateral loading
spectrum for the central pier. This involves calculating the exact mathematical
signature of the dynamic load transfer using unit forces, thereby creating a
universal load template that can be scaled for any train speed or curve radius in
subsequent time-history analyses.

1.4 Scope of the Study

The present work is limited to the investigation of loading spectra generated due
to moving centrifugal forces. The bridge was modelled using simplified deck
and pier elements in Staad Pro. The train is represented using moving axle point
loads for an 8-coach metro train.

Different bridge spans considered from 4m to 60m. The study mainly focuses
on dynamic components and horizontal pier reaction. Aerodynamic effects, drag




forces, soil structure interaction, and advanced rail-track interaction are not
included.




%HAPTER 2

LITERATURE REVIEW
CHAPTER 2: LITERATURE REVIEW
9.1 Vehicle-Bridge Interaction (VBI)

The dynamic response of bridges subjected to moving vehicular loads has been
extensively studied under the domain of Vehicle-Bridge Interaction (VBI).
Traditional studies primarily focus on vertical dynamic amplification (impact
factors) caused by track irregularities and train speeds on straight bridges.
However, research addressing the lateral dynamic load transfer—specifically
the fluctuating centrifugal forces on curved alignments—remains limited.

2.2 Moving Load Models and Complex Axle Configurations

Earlier analytical models often simplified trains as a series of uniform moving
loads or single moving masses. While sufficient for global vertical deflection,
these models fail to capture the high-frequency lateral load fluctuations
(amplitude spikes and drops) that occur at the pier level due to the specific
spacing of train bogies. Recent literature emphasizes the necessity of accurately
modeling exact axle distances (wheelbase, internal bogie gaps, and inter-coach
gaps) to capture true fatigue cycles and dynamic sway in piers.

2.3 Influence Line Theory and Muller-Breslau Principle

The application of the Muller-Breslau principle remains a cornerstone in
structural mechanics for determining support reactions under moving loads.
Studies have validated that for simply supported spans, the influence line for
support reactions follows a linear geometric variation. This principle allows for
the calculation of load transfer using static equilibrium (Lever Rule) without
requiring computationally heavy 3D moving-load simulations on curved
elements.

2.4 Research Gap

There is a distinct gap in creating a simplified, decoupled methodology that
generates a normalized, speed-independent lateral load spectrum for complex
multi-axle trains. Existing finite element models often couple the track
curvature with the structural model, restricting the output to a single curve
radius and velocity. This study addresses this gap by decoupling the centrifugal
force pattern from the geometry, offering a generalized methodology for
evaluating pier responses across varying span lengths.




CHAPTER 3: METHODOLOGY

The methodology focuses on mathematically generating the exact lateral
loading spectrum on a target central pier by simulating the passage of an 8-
coach metro train across continuous simply supported spans.

3.1 Train Load Configuration

The moving load represents an 8-coach Bombardier Metro train comprising 32
axles. The precise geometric spacing is defined to capture the exact overlapping
of loads:

« Wheelbase (Axles within a bogie): 2.5 m
« Internal Bogie Gap (Between bogies in a single coach): 12.5 m
« Inter-Coach Gap (Between two coaches): 4.74 m
« Total Coach Length: 22.24 m
3.2 Decoupling Geometry and Force Formulation

To ensure computational efficiency and avoid the complexities of rotating local
X-Y-Z axes at every finite element node on a curve, the bridge deck is modeled
as a straight element. The effect of the curve is mathematically decoupled from
the geometry and embedded entirely into the load magnitude.

3.3 Application of the Lever Rule (Influence Lines)

The load transferred to the target central pier at any given time-step is calculated
using the Lever Rule, derived from the Muller-Breslau principle for statically
determinate structures.

« Foran axle positioned at distance x from the opposite (reference) pier on
a span of length L, the Influence Factor (I) is given by I =x /L.

« The Lateral Load transferred by that specific axle to the target pier is
calculated as F = 0.251 kN.

« The total instantaneous lateral force on the pier is the algebraic sum of the
transferred forces from all axles currently positioned within the influence
zones (both adjacent spans).

3.4 Parametric Study of Span Lengths




To observe the dynamic fluctuation (amplitude) of the lateral load, the load
generation is performed incrementally as the train advances over the bridge.
This methodology is repeated for various span configurations to analyze the
effect of span length on load amplitude:

« Short Span : To observe extreme amplitude spikes when the span is
shorter than the internal bogie gap.

« Standard Span : To analyze the standard overlapping of multiple bogies.

« Matched Span : To investigate the "Relay-Race effect,”" where the span
length closely matches the coach length (22.24m), aiming to minimize
lateral load fluctuations and fatigue.

Fig 3.1 Bombardier MOVIA Metro Coach
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The horizontal pier reactions corresponding to various train positions were
plotted against the distance of the leading axle of the train from the rear pier.
These plots produced the loading spectra or loading history for different bridge
spans.

For single axle

Load on Pier P2 due to a Moving Lateral Load

n ® E) E E ) E)
Distance of oa from Fier PA )

For multiple axles

Load on Pier P2 due to Train of Moving Loads.

Load on pier P2
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The following quantities were obtained from each loading spectrum:

«  Maximum centrifugal force on pier
« Average centrifugal force
« Amplitude of dynamic component

The amplitude of the dynamic component was determined from the difference
between the maximum and minimum values of pier reaction in the steady
portion of the loading history.

A=Fmax7Fmin
Identification of Dynamic Behaviour

The loading spectra obtained for different spans were compared to identify the
variation in dynamic characteristics of the bridge piers. Special attention was




given to spans showing large fluctuations in pier reactions, as these spans may
produce higher dynamic amplification effects during train movement.




CHAPTER 4

ANALYSIS OF PIER LOADING SPECTRA FOR VARIABLE SPAN
LENGTHS

4.1 Preamble

This chapter displays the primary data and charts collected for the forces acting
on a central pier across all 23 span setups. The generated time-history graphs
map the normalized pier reaction against the continuous travel distance of the
train, tracking the entire process from initial entry to full exit.

4.2 Technical Profile of the Train

The structural simulation uses the exact physical dimensions of a standard
Bombardier MOVIA mass transit passenger car. The layout details are given in
the table below:

Train Parameter Physical Value

Total Length of One Coach (Lc) 22.24m

Distance Between Bogie Centres (Lb) 15.00m

Wheelbase of a Single Axle Pair (Lw) 2.50m

Maximum Axle Load Capacity 17.00MT

Distance Between Bogies of

Connected Cars 7.24m

Total Number of Connected Coaches

R R 8 Cars
in the Train




Load on Pier for unit Centrifugal

AXLE ARRANGEMENT WITHIN ONE COACH

15.00m E o s
1 | Within One Coach |
i + Bogie (Axie) Distance |
=1500m g
750m ; | + Outer Wheel Distance |
— T . : i

COACH SPACING (BETWEEN TWO CONSECUTIVE COACHES)

© = Wheel ] Axe T24m
O =Boge (2 Ades)
SUMMARY OF IMPORTANT
Paramaeter Description Value
Bogee (Axle) Destance Distancé bétween he centres of two Bogies within one coach 15.00 m
Outer Wheel Distance (Within Coach) Distance between the outer wheels of the two bogies in one coach 1750m
Inter-Coach Bogie Distance Distance batween the centres of adjacent bogies of two conseculive coaches T24m
Coach Length ‘Overall langth of ane coach 224m
Number of Coaches Total number of CoBCHES in The train 8
Total Train Length (C1 1o CB) ‘Overall langth from first coach 1o kast coach 17792 m
Axdes per Coach Total number of axies in one coach 4 {2 Bogles)
Fig. 4.2 Axle Ar and Coach Details of 8-Coach Metro Train
Fig. 4.3 Centrifugal Force on Pier for Different Train Placements on 4 m span
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Fig. 4.4 Centrifugal Force on Pier for Different Train Placements on & m span
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Fig. 4.5 Centrifugal Force on Pier for Different Train Placements on 8 m span
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Force per Coach

Load on Pier for unit Centrifugal

Load on Pier for unit Centrifugal

Fig. 4.6 Centrifugal Force on Pier for Different Train Placements on 10 m span
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Fig. 4.7 Centrifugal Force on Pier for Different Train Placements on 12 m span
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Load on Pier for unit Centrifugal
Force per Coach

Force per Coach

Load on Pier for unit Centrifugal

Fig. 4.8 Centrifugal Force on Pier for Different Train Placements on 14 m span
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Fig. 4.9 Centrifugal Force on Pier for Different Train Placements on 14 m span
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Fig. 4.10 Centrifugal Force on Pier for Different Train Placements on 18 m span
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Fig. 4.1 Centrifugal Force on Pier for Different Train Placements on 20 m span
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Load on Pier for unit Centrifugal
Force per Coach

Force per Coach

Load on Pier for unit Centrifugal

Fig. 4.12 Centrifugal Force on Pier for Different Train Placements on 22 m span
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Fig. 413 Centrifugal Force on Pler for Different Traln Placements on 24 m span
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Force per Coach
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Fig. 4.14 Centrifugal Force on Pier for Different Train Placements on 26 m span
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Fig. 4.15 Centrifugal Force on Pier for Different Train Placements on 28 m span
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Fig. 4.16 Centrifugal Force on Pier for Different Train Placements on 30 m span
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Fig. 4.17 Centrifugal Force on Pier for Different Train Placements on 32 m span
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Fig. 4.18 Centrifugal Force on Pier for Different Train Placements on 34 m span
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Fig. 4.19 Centrifugal Force on Pier for Different Train Placements on 36 m span
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Load on Pier for unit Centrifugal
Force per Coach

Force per Coach
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Fig. 4.20 Centrifugal Force on Pier for Different Train Placements on 38 m span
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Fig. 4.21 Centrifugal Force on Pier for Different Train Placements on 40 m span
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Load on Pier for unit Centrifugal
Force per Coach

Force per Coach
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Fig. 4.22 Centrifugal Force on Pier for Different Train Placements on 45 m span
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Fig. 4.23 Centrifugal Force on Pier for Different Train Placements on 50 m span
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Force per Coach

Load on Pier for unit Centrifugal

Load on Pier for unit Centrifugal
Force per Coach

Fig. 4.24 Centrifugal Force on Pier for Different Train Placements on 55 m span
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Fig. 4.25 Centrifugal Force on Pier for Different Train Placements on 60 m span
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CHAPTER-5
CONCLUSION

5.1 Verification Matrix of Structural Reactions

By running our continuous multi-axle solver across all 23 span variations, the
peak values and wave ripples were recorded. The verified values are
summarised in the master table below:

Figure Span Peak Pier Reaction Amplitude of Dynamic
Index Length (m) (Max CF) Component
Fig. 4.3 4 0.389 0425

Fig. 4.4 6 0.468 0.489

Fig. 4.5 8 0.562 0477

Fig. 4.6 10 0.663 0.434

Fig. 4.7 12 0.728 0.377

Fig. 4.8 14 0.774 0.302

Fig. 4.9 16 0.805 0.223

Fig. 4.10 18 0.861 0.109

Fig. 4.11 20 0.922 0.046

Fig. 4.12 22 0.999 0.001

Fig. 4.13 24 1.121 0.025

Fig. 4.14 26 1.201 0.035
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Figure Span Peak Pier Reaction Amplitude of Dynamic
Index Length (m) (Max CF) Component
Fig. 4.15 28 1.301 0.089

Fig. 4.16 30 1.399 0.122

Fig. 4.17 32 1.505 0.131

Fig. 4.18 34 1.601 0.131

Fig. 4.19 36 1.678 0.120

Fig. 4.20 38 1.775 0.084

Fig. 4.21 40 1.800 0.056

Fig. 4.22 45 2.031 0.002

Fig. 4.23 50 2.361 0.051

Fig. 4.24 55 2515 0.077

Fig. 4.25 60 2735 0.051
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Fig 5.1: Amplitude of Dynamic Component of Pier Reaction due to Unit Centrifugal
Force per coach for Different spans
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5.3 Summary of Findings

The study showed that the loading behaviour of bridge piers changes
significantly with span length. Very high fluctuating loading spectra in shorter
spans, and also larger dynamic components.

Observed that spans which are closer to multiples of the metro coach length
produced smoother loading spectra and nearly negligible dynamic fluctuations.

The spans of nearly 22m and 44m showed minimum dynamic components
because of the symmetrical distribution of axle loads over the spans. So these
are considered as safer spans.

The generated loading spectra were independent of train speed because, during
analysis, the unit centrifugal force per coach was taken into account.

23




REFERENCES
Textbooks and Core Literature

1. Fryba, L. (1996). Dynamics of Railway Bridges. Thomas Telford
Publishing. (4 foundational book for understanding the mathematical
modeling of trains on bridges).

2. eang, Y. B., Yau, J. D., & Wu, Y. S. (2004). Vehicle-Bridge Interaction
Dynamics: With Applications to High-Speed Railways. World Scientific.
(Highly relevant for multi-axle train models and dynamic load transfer).

. Chopra, A. K. (2012). Dynamics of Structures: Theory and Applications
to Earthquake Engineering (4th ed.). Prentice Hall. (Standard reference
for structural dynamics, SDOF/MDOF systems, and time-history
fundamentals).

4. Hibbeler, R. C. (2012). Structural Analysis (8th ed.). Pearson. (For
foundational concepts on the Muller-Breslau Principle and Influence
Lines).

Standard Codes and Manuals

5. Research, Designs & Standards Organisation (RDSQO). (2014). Indian Railway
Standard 5(’3) Bridge Rules: Rules Specifying the Loads for Design of Super-
Structure and Sub-Structure of Bridges. Ministry of Railways, Government of
India. (Essential for standard track geometries and centrifugal force
guidelines).

E Indian Roads Congress. (2017). IRC:6-2017 Standard Specifications and
Code of Practice for Road Bridges, Section IT: Loads and Siresses. New Delhi,
India. (Referred to for general guidelines on centrifugal load application on
curved spans).

7. Bentley Systems. (2023). STAAD. Pro Technical Reference Manual. (To justify
your computational methodology and moving load generation technigues).

Journal Articles

8. Senthilvasan, J., Thambiratnam, D. P., & Brameld, G. H. (2002). Dynamic
response of a curved bridge under moving truck load. Engineering Structures,
24(10), 1283-1293. (Provides literatuire backing for decoupling geometry and
modelling lateral forces).

9. Majka, M., & Hartnett, M. (2008). Effects of speed, load and damping on the
dynamic response of railway bridges and vehicles. Computers & Structures,

24




86(6), 556-572. (Relevant for analvzing the effect of train speeds and complex
axle arrangements).

10. Qia, H., Zhang, N., & Guo, W. (2006). Analysis of resonance mechanism
and conditions of train-bridge system. Journal of Sound and Vibration, 297(3-
5), 810-822. (Useful for defending your findings on span lengths matching
coach lengths to reduce dynamic fluctuation/resonance).

11. Yau, J. D. (2009). Response of a curved beam to moving centrifugal forces.
Journal of Sound and Vibration, 327(1-2), 1-16. (Directly addresses the
mathematical modelling of centrifugal forces on curved bridge spans).

25




DYNAMIC PIER REACTIONS IN CURVED METRO BRIDGES
UNDER MOVING AXLE LOADS

ORIGINALITY REPORT

9.

Yo O

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS

O

STUDENT PAPERS

PRIMARY S

OURCES

.

theses.lib.polyu.edu.hk

Internet Source

2%

core.ac.uk /1
Internet Source %
vdocuments.mx /1
Internet Source %
Submitted to Banaras Hindu University /
Student Paper %
open.library.ubc.ca /
Internet Source %
H openjicareport.jica.go.jp /1
Internet Source %
cdn.iiit.ac.in /1
Internet Source %
B X.Q. Zhu, S.S. Law. "Structural Health /1 o
Monitoring Based on Vehicle-Bridge °
Interaction: Accomplishments and
Challenges", Advances in Structural
Engineering, 2016
Publication
p-arsenal.ru
n Internet Source <1 %




Exclude quotes Off Exclude matches <14 words

Exclude bibliography  Off



