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ABSTRACT

KEYWORDS: moving load analysis; mode-superposition method ; surrogate

models ; vibration control; inertial amplifier; resonator; nega-

tive stiffness; genetic algorithm

The analysis of design parameters of high-speed railway bridges in critical locations such

as canal, road/railway crossings is an important aspect of bridge engineering. Nevertheless,

there are concerns about the structural safety and stability of high-speed rail bridges, par-

ticularly those with simple support, due to their elevated speeds. The situation can become

even more complex in two-way loading scenarios, where two trains may cross at varying

speeds.

In the present work, the analysis of bridges under one-way as well as two-way loading

is analyzed under two support conditions: simply support (SS) and elastically-supported

(ES). For the sake of brevity, the moving load models were considered and the bridge is

idealized as an Euler Bernoulli beam of uniform cross-section. Three cases, namely single

moving load, series of moving loads at equal spacing (HSLM-B), and as per conventional

train configuration (HSLM-A) recommended in Eurocode1: EN 1991-2 (2003), are consid-

ered. A non-dimensional framework is developed to systematically analyze the resonance

and cancellation phenomena under various incidental load and bridge parameters. Such

analysis reduces the parametric space and time for computation. Additionally, a parametric

investigation was comprehensively addressed to determine the effect of these parameters on

the dynamic response of the bridge.

However, to bypass the high-fidelity models, surrogate models were developed in con-

junction with the non-dimensional framework. A predictive surrogate model employing

feed-forward multi-layered neural networks is adopted to conserve computational effort and

reduce the amount of expertise needed in the preliminary evaluation of dynamic responses.

Furthermore, the robustness and efficiency of the best-fitting surrogate models were com-
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pared, and a user interface was designed to assess responses in accordance with the standards

outlined in Eurocode EN 1990:2002+A1:2005 (E) and HSR Rating Code (TZY2014-232

2014).

In order to address the vehicle-induced vibrations caused by the passage of high-speed

trains, the vibration absorbers adopted in the present analysis are resonator, inertial am-

plifier (IA), and negative-stiffness inertial amplifier. Various configurations of the negative-

stiffness inertial amplifier vibration absorber (NSIAVA) were explored by adjusting the mass

ratio (χ), including the negative-stiffness based vibration absorber (NSBVA) and inertial

amplifier-based vibration absorber (IABVA). The optimization of the absorber parameters

was performed using a genetic algorithm.

Comparative studies between the resonator and IA revealed that IA, with a lower mass

ratio and higher values of the speed parameter (η) and inter-spatial distance between loads

(ϵ), proved more effective in reducing vibration amplitudes due to significant mass ampli-

fication. Furthermore, IA was found to achieve vibration suppression while maintaining

lightweight characteristics, distinguishing it from resonators.

The NSIAVA exhibited distinct mass characteristics, with NSBVA possessing negative

mass and IABVA having positive mass. However, as the mass tuning ratio increased from

0.6 to 0.9, the effect of negative mass diminished, eventually becoming positive at χ = 1

for IABVA. At resonance condition, and varying main mass ratios, an efficiency of 70-90%

is achieved for different configurations of vibration absorber, particularly χ=0 to 0.8. Ad-

ditionally, the outcomes demonstrate that the Negative Stiffness-Based Vibration Absorber

(NSBVA) outperforms the Inertial Amplifier-Based Vibration Absorber (IABVA).

Therefore, special consideration is required when designing high-speed railway bridges

to account for resonance as well as cancellation speeds that occur under specific train load

configurations. These resonance speeds are associated with particular bridge lengths. Engi-

neers can select this cancellation speed for critical bridge locations. Furthermore, optimizing

the parameters of vibration absorbers makes it possible to minimize vibration induced by

vehicle resonance.
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Ṽ shear force

M̃ bending moment

M dimensionless bending moment

V dimensionless shear force

ω frequency of vibration of moving load

ωbj natural frequency of the beam for jth mode

ωb natural frequency of the beam for first mode

xxix



List of Symbols

ζb damping coefficient

Cc critical damping constant

Qbj(x, t) dimensionless displacement of beam

∆st static constant for displacement

∆sf static constant for shear force

∆bm static constant for bending moment

a dimensionless length over the bridge

τ dimensionless time

η speed parameter

N − bogies number of bogies

ϵd ratio of the distance between loads to the length of the bridge in HSLM-B model

ϵD ratio of the distance of a single bogie to the length of the bridge

ωd damped frequency of vibration of the beam

Mv mass matrix

Cv damping matrix

Kv stiffness matrix

tkD and τ̄D time taken and corresponding time lag of the kth bogie separated by ϵD

tb and τ̄b time taken and corresponding time lag of loads Pt1 and Pt2 separated by ϵd

tc and τ̄c time taken and corresponding time lag of loads Pt1 and Pt3 separated by ϵc

K stiffness of elastic bearing

κ stiffness ratio of beam to elastic bearings

ωs fundamental frequency of ES beam

EI flexural rigidity

R speed parameter ratio of two trains

tos time delay between two trains

Tos non-dimensional time delay between two trains

∆ES static deflection of ES beam

Sr resonance speed parameter

Sc cancellation speed parameter

Qbloc location of maximum displacement of beam

Rr resonance speed parameter ratio between two trains

Rc cancellation speed parameter ratio between two trains

xxx



List of Symbols

ϵmin minimum value of the distance between two loads to the length of the beam

ϵmax maximum value of the distance between two loads to the length of the beam

Ma auxiliary masses of inertial amplifier

Mr main mass of inertial amplifier

Kr stiffness of inertial amplifier

θ inertial angle

fx inertial forces in x-direction

fy inertial forces in y-direction

Mia total effective mass of inertial amplifier

Xa deflection of main mass in x-direction

Ya deflection of main mass in y-direction

Meff effective mass

Keff effective stiffness

m mass ratio

γt frequency ratio

mr main mass ratio

Yr displacement of the vibration absorber

yr dimensionless displacement of the vibration absorber

ζxt location of vibration absorber

χ mass tuning ratio

Mn lateral masses of vibration absorber

Ka lateral stiffness of vibration absorber

γ lateral frequency ratio

ωn natural frequency of laterally connected system in vibration absorber

Mt total lateral mass of vibration absorber

xxxi


	SUSMITA PANDA FINAL THESIS FEB 2024.pdf
	Thesis_ABGSSG_susmita_print.pdf
	DEDICATION
	CERTIFICATE
	ACKNOWLEDGEMENTS
	ACKNOWLEDGEMENTS
	ABSTRACT
	List of contents
	List of figures
	List of tables
	List of abbreviations
	List of symbols
	Introduction
	General
	Resonance phenomena
	Rationale for Surrogate Modeling in Vehicle-Bridge Interaction Studies
	Vibration control techniques

	Literature review
	General
	Based on vehicle models
	Based on methodology
	Vibration Control Systems for vehicle-induced vibration of railway-bridges
	Passive Control Systems
	Tuned mass dampers
	Inerter
	Inertial amplifier and negative stiffness based system
	Fluid viscous dampers
	Magnetorheologic (MR) damper
	Size-adjusted vehicles
	Supplementary vibrational control devices
	Active Control Systems
	Semi-Active Control Systems

	Optimisation strategies
	Research gap
	Objectives
	Thesis organisation

	Analysis of a Simply - Supported Bridges under the action of Moving Loads
	General
	Mathematical formulation
	Equation of motion of beam under the effect of dynamic moving loads
	Modal superposition method

	Surrogate-based prediction frame using artificial neural network (ANN)
	General architecture of the prediction frame
	Selection criteria of input parameters
	Data generation and training
	Metrices for evaluation of the bridge responses
	Sensitivity analysis

	Result and discussion
	One-way analysis of moving loads on idealized simply-supported beams
	Two-way analysis of moving loads on idealized simply-supported beams

	User friendly interface
	Practical applications
	Concluding remarks

	Analysis of Elastically- Supported Bridges under the action of Moving Loads
	General
	Mathematical Formulation
	Surrogate-based prediction frame using artificial neural network (ANN)
	General description of the prediction frame

	Results and discussion
	One-way analysis of moving loads on idealized elastically-supported beams
	Two-way analysis of moving loads on idealized elastically-supported beam

	User friendly interface
	Practical applications
	Concluding remarks

	Vibration Control of Bridges Under Moving Loads using Resonator and Inertial Amplifier
	General
	Theoretical Formulation for the Structural Model
	Non-dimensional formulation for the mechanical system

	Optimisation using genetic algorithm
	Performance evaluation of the proposed vibration absorber
	Design-oriented methodology
	Effective mass and stiffness
	Determination of the vehicle-induced resonance under one-way loading condition
	Validation of the optimization strategy

	Vibration control of vehicle-induced vibrations under one-way loading using spring-mass resonator
	Influence on increasing wheel-loads, N-loads
	Effect of increasing beam's damping, b

	Vibration control of vehicle-induced vibrations under one-way loading using Inertial Amplifier
	Influence of increasing wheel loads, N-loads
	Effect of increasing beam's damping, b

	Robustness in terms of efficiency and lightweight for one-way loading condition
	Determination of the vehicle-induced resonance under two-way loading condition
	Vibration control of vehicle-induced vibrations under two-way loading using spring-mass resonator
	Influence of increasing wheel loads, N-loads
	Influence of speed parameter ratio, R
	Influence of damping of the beam, b

	Vibration control of vehicle-induced vibrations under two-way loading using Inertial amplifier
	Influence of increasing wheel loads, N-loads
	Influence of speed parameter ratio, R
	Influence of damping of the beam, b
	Robustness in terms of efficiency and lightweight for two-way loading condition
	Statistical performance evaluation of proposed spring-mass resonator system and IA under vehicle-induced vibrations

	Concluding remarks

	Vibration control of bridges under moving loads using Negative-Stiffness Inertial Amplifier-Based Vibration Absorber
	General
	Theoretical Formulation for the Structural Model
	Generalized non-dimensional formulation for the beam under successive loads combined with NSIABVA

	Optimization strategy using genetic algorithm
	Design-oriented methodology
	Evaluation of effective mass and stiffness

	Performance assessment of proposed system under one-way loading condition
	Influence of increasing wheel loads, N-loads
	Influence of beam's damping, b

	Performance assessment of proposed system under two-way loading condition
	Influence of increasing wheel loads, N-loads
	Influence of the damping of beam, b
	Influence of speed parameter ratio of two trains, R
	Statistical performance evaluation

	Concluding remarks

	Summary of the thesis
	Conclusions and Suggestions for Future Research
	General
	Conclusions on moving load analysis on simply-supported beams
	Conclusions on moving load analysis on elastically-supported beams
	Conclusions on vibration control of simply-supported bridges using resonators and inertial amplifier
	Conclusions on vibration control of simply-supported bridges using negative-stiffness inertial amplifier-based vibration absorbers
	Contribution from study
	Future scope of work

	References
	List of Publications based on Thesis

	Thesis_ABGSSG_susmita_print.pdf
	DEDICATION
	CERTIFICATE
	ACKNOWLEDGEMENTS
	ACKNOWLEDGEMENTS
	ABSTRACT
	List of contents
	List of figures
	List of tables
	List of abbreviations
	List of symbols
	Introduction
	General
	Resonance phenomena
	Rationale for Surrogate Modeling in Vehicle-Bridge Interaction Studies
	Vibration control techniques

	Literature review
	General
	Based on vehicle models
	Based on methodology
	Vibration Control Systems for vehicle-induced vibration of railway-bridges
	Passive Control Systems
	Tuned mass dampers
	Inerter
	Inertial amplifier and negative stiffness based system
	Fluid viscous dampers
	Magnetorheologic (MR) damper
	Size-adjusted vehicles
	Supplementary vibrational control devices
	Active Control Systems
	Semi-Active Control Systems

	Optimisation strategies
	Research gap
	Objectives
	Thesis organisation

	Analysis of a Simply - Supported Bridges under the action of Moving Loads
	General
	Mathematical formulation
	Equation of motion of beam under the effect of dynamic moving loads
	Modal superposition method

	Surrogate-based prediction frame using artificial neural network (ANN)
	General architecture of the prediction frame
	Selection criteria of input parameters
	Data generation and training
	Metrices for evaluation of the bridge responses
	Sensitivity analysis

	Result and discussion
	One-way analysis of moving loads on idealized simply-supported beams
	Two-way analysis of moving loads on idealized simply-supported beams

	User friendly interface
	Practical applications
	Concluding remarks

	Analysis of Elastically- Supported Bridges under the action of Moving Loads
	General
	Mathematical Formulation
	Surrogate-based prediction frame using artificial neural network (ANN)
	General description of the prediction frame

	Results and discussion
	One-way analysis of moving loads on idealized elastically-supported beams
	Two-way analysis of moving loads on idealized elastically-supported beam

	User friendly interface
	Practical applications
	Concluding remarks

	Vibration Control of Bridges Under Moving Loads using Resonator and Inertial Amplifier
	General
	Theoretical Formulation for the Structural Model
	Non-dimensional formulation for the mechanical system

	Optimisation using genetic algorithm
	Performance evaluation of the proposed vibration absorber
	Design-oriented methodology
	Effective mass and stiffness
	Determination of the vehicle-induced resonance under one-way loading condition
	Validation of the optimization strategy

	Vibration control of vehicle-induced vibrations under one-way loading using spring-mass resonator
	Influence on increasing wheel-loads, N-loads
	Effect of increasing beam's damping, b

	Vibration control of vehicle-induced vibrations under one-way loading using Inertial Amplifier
	Influence of increasing wheel loads, N-loads
	Effect of increasing beam's damping, b

	Robustness in terms of efficiency and lightweight for one-way loading condition
	Determination of the vehicle-induced resonance under two-way loading condition
	Vibration control of vehicle-induced vibrations under two-way loading using spring-mass resonator
	Influence of increasing wheel loads, N-loads
	Influence of speed parameter ratio, R
	Influence of damping of the beam, b

	Vibration control of vehicle-induced vibrations under two-way loading using Inertial amplifier
	Influence of increasing wheel loads, N-loads
	Influence of speed parameter ratio, R
	Influence of damping of the beam, b
	Robustness in terms of efficiency and lightweight for two-way loading condition
	Statistical performance evaluation of proposed spring-mass resonator system and IA under vehicle-induced vibrations

	Concluding remarks

	Vibration control of bridges under moving loads using Negative-Stiffness Inertial Amplifier-Based Vibration Absorber
	General
	Theoretical Formulation for the Structural Model
	Generalized non-dimensional formulation for the beam under successive loads combined with NSIABVA

	Optimization strategy using genetic algorithm
	Design-oriented methodology
	Evaluation of effective mass and stiffness

	Performance assessment of proposed system under one-way loading condition
	Influence of increasing wheel loads, N-loads
	Influence of beam's damping, b

	Performance assessment of proposed system under two-way loading condition
	Influence of increasing wheel loads, N-loads
	Influence of the damping of beam, b
	Influence of speed parameter ratio of two trains, R
	Statistical performance evaluation

	Concluding remarks

	Summary of the thesis
	Conclusions and Suggestions for Future Research
	General
	Conclusions on moving load analysis on simply-supported beams
	Conclusions on moving load analysis on elastically-supported beams
	Conclusions on vibration control of simply-supported bridges using resonators and inertial amplifier
	Conclusions on vibration control of simply-supported bridges using negative-stiffness inertial amplifier-based vibration absorbers
	Contribution from study
	Future scope of work

	References
	List of Publications based on Thesis





